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This thesis describes the synthesis and stoichiometric/catalytic 
reactivity of Ru and Rh N-alkyl substituted N-heterocyclic carbene complexes. 
In an effort to make new Ru(NHC)x (x = 1-4) complexes, a range of Ru halide 
precursors, including Ru(DMSO)4Cl2 and Ru(PPh3)3Cl2, were combined with 
N-alkyl substituted carbenes. Treatment of Ru(PPh3)3Cl2 with I
iPr2Me2 or I
tBu 
resulted in C-H activation of the NHCs to form Ru(IiPr2Me2)2(I
iPr2Me2’)Cl and 
Ru(ItBu’)(PPh3)2Cl respectively. C-H activation also took place with 
Ru(DMSO)4Cl2 and IEt2Me2 to give Ru(IEt2Me2’)(DMSO)3Cl. This underwent 
substitution with 13CO to afford the tricarbonyl complex Ru(IEt2Me2’)(CO)3Cl, 
and with PPh3 to give the bis-phosphine species Ru(IEt2Me2’)(PPh3)2Cl. 
Attempts to generate Ru(IEt2Me2’)(PPh3)2Cl by an alternative reaction of 
IEt2Me2 with Ru(PPh3)3Cl2 proved successful with two equiv. of carbene, 
although with four equiv. of NHC, the dichloride complex Ru(IEt2Me2)4Cl2 was 
produced. 
 Upon turning to Ru(PPh3)3HCl, our group observed that the non-
metallated tetrakiscarbene species [Ru(NHC)4H]
+ are formed instead where 
alkyl = Me, Et and iPr. The reactivity of these species towards a range of 
amine boranes were investigated. [Ru(IMe4)4H]
+ was able to catalyse the 
dehydrogenation of H3B.NMe2H to form the dimeric species [H2B-NMe2]2 and 
also catalytically hydrogenate a series of organic substrates such as ketones, 
nitriles, alkynes and alkenes at 323 K. 
Treatment of Rh(PPh3)4H with the six-membered ring NHCs 6-Me and 
6-Et afforded the rhodium mono-carbene hydride complexes Rh(6-
NHC)(PPh3)2H, in each case as a mixture of cis- and trans-phosphine 
isomers. Treatment of Rh(PPh3)3(CO)H with 6-Et did not afford a hydride 
complex but instead gave the CO bridged dimer Rh(PPh3)2(CO)2Rh(PPh3)(6-
Et). Reaction of Rh(6-Me)(PPh3)2H with Et3N3HF gave only the trans-isomer 
of the bifluoride complex Rh(6-Me)(PPh3)2(FHF), whereas the 6-Et hydride 
precursor gave Rh(6-Et)(PPh3)2(FHF) as a mixture of cis- and trans-
phosphine isomers. 19F NMR Magnetization transfer and chemical exchange 
experiments revealed intra- and intermolecular F exchange in both of these 
bifluoride compounds. Treatment of 6-Rh(NHC)(PPh3)2H (NHC= 6-Me, 6-Et, 
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6-iPr) with CF3CF=CF2 gave the corresponding fluoride complexes Rh(6-
NHC)(PPh3)2F. The 6-
iPr derivative reacted slowly with H2 to partially reform 
Rh(6-iPr)(PPh3)2H, but rapidly with CO to give Rh(6-
iPr)(PPh3)(CO)F and 
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ABBREVIATIONS -- CHEMICAL 
 
Arphos  Ph2PCH2CH2CH2AsPh2 
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1.1 N-HETEROCYCLIC CARBENES (NHCs) 
NHCs are a class of nucleophilic singlet state carbenes where the 
carbenic carbon is part of an N-based heterocyclic ring containing between 
four and eight ring atoms. The nitrogen atoms contain substituents such as 
aryl or alkyl groups.1 In the case of five-membered ring systems, the C-C 
bond in the backbone can either be saturated or unsaturated. Larger 6-8 
membered ring carbenes are all saturated (Figure 1.1).  
 
 
Figure 1.1: Selection of five and six membered ring NHCs 
 
Early work trapping in-situ generated NHCs started in the 1960’s by 
Öfele and Wanzlick, but the real breakthrough came from Ardeungo and co-
workers upon isolating the free N-adamantyl substituted carbene, IAd 
(Scheme 1.1).2 
 






The first stable N-heterocyclic carbene (NHC) was only isolated in 
1991.2 Since then NHCs have been used widely as alternative ligands to 
phosphines in organometallic catalysis, because (a) NHCs can form very 
stable bonds with a range of transition metals and (b) they have readily 
tuneable stereoelectronic properties.3 
The bonding to transition metals shows some similarities to a Fischer 
type interaction, since the carbene has two π donor substituents. However π-
donation from the nitrogen lone pairs into the empty pπ orbital on the carbenic 




Figure 1.2: σ- electron withdrawing and π- electron donating heteroatoms 
stabilise singlet carbenes 
 
Soon after, Hermann and co-workers identified the use of NHCs as 
supporting ligands in homogeneous catalysis.4-6 Due to their strong σ-electron 
donating properties they form strong NHC-metal bonds.7 The Tolman 
electronic parameters for common NHCs show they are better donors than 
even the most donating phosphines.8 
In order to measure the steric bulk of NHCs, an early phosphine-like 
model was proposed by Nolan which utilized Tolman’s classification of 
sterics.9,10 However, this first model highlighted the need for an improved 
metric parameter for steric bulk for this ligand family as this representation 
proved to be quite simple.9,10 Soon after Nolan and co-workers expressed the 
steric bulk of the carbene in terms of % Vbur.
11,12 This parameter described the 
volume occupied by a particular NHC ligand in a sphere over a 3 Å radius. 
This value was derived from DFT calculations positioning the carbenic carbon 
2 Å from a ruthenium centre, and was approximately the distance from the N 
atoms to the position of the normalised metal atom (Figure 1.3).11 The main 
advantages of this model was that % Vbur could also be applied to phosphine 






Figure 1.3: Steric parameter determination (%Vbur) of NHC ligands 
 
NHCs are known typically for their excellent σ-electron donating 
properties. However, work on NHC complexes13,14 has shown that with both 
electron rich and electron poor metal centres, NHCs have the ability to either 
stabilise an electron rich metal as an acceptor via d π* back donation or 
can contribute electron density to an electron poor system via π d donation. 
These features may help to enhance the thermal stability of the metal-NHC 
bond in catalytic systems over their phosphine containing analogues. 
Many established catalytic systems have benefited from the 
introduction of NHC ligands. In particular, the increased donor ability of NHC 
ligands enhanced the catalytic activity of the ruthenium-based Grubbs alkene 
metathesis catalyst, [Ru(=CHPh)(PCy3)2Cl2], in one of the most well-known 
examples of modern catalyst design (Figure 1.4).10,15,16 
 
Figure 1.4: 1st generation and 2nd generation metathesis catalysts 
  
Modifications to Crabtree’s hydrogenation catalyst17 provided another 
example of the benefits of NHC incorporation to the thermal stability of a 
complex, Nolan et al conducted catalytic hydrogenations of alkenes with 





 Reaction at room temperature of 1-
methyl-1-cyclohexene under H2 gave moderate yields of the corresponding 
alkanes with both catalysts. However, increasing the temperature to 323 K led 
to a significant increase in activity of the SIMes substituted complex, 
achieving 100 % conversion to methylcyclohexane in only 7 h. In contrast, 
Crabtree’s catalyst was deactivated at this temperature. 
 
 
Figure 1.5: Structure of [Ir(SIMes)(cod)(py)]PF6 
 
There are now many examples of metal hydride complexes in which 
one or more phosphine ligands have been replaced by NHCs.19-32 Our group 
reported the substitution of one or two PPh3 ligands in Ru(PPh3)3(CO)H2 and 
Ru(PPh3)3HCl by the alkyl substituted NHC ICy, which allowed the isolation 
and full characterization of the 16- and 18-electron mono- and bis-ICy 
complexes 1.1-1.3 (Scheme 1.2).33 
 
 




Interestingly when the reaction of Ru(PPh3)3HCl with ICy was carried 
out in CH2Cl2, it afforded cis-/trans- phosphine isomers of Ru(ICy)(PPh3)2HCl, 
which were stabilized by agostic interactions to a CH2 group on an N-
cyclohexyl arm. In contrast, the more electron rich species Ru(ICy)2(PPh3)HCl 
1.3, formed when the reaction was performed in THF, displayed no evidence 
for an agostic interaction, or any willingness to undergo intramolecular C-H 
bond activation. This is relevant in light of the work reported by Nolan’s group, 
which showed that the Rh(III) species Rh(ItBu)(ItBu’)HCl contained not only a 
C-H activated NHC, but also a second agostically bound carbene which is 
subject to further C-H activation chemistry.13,34 Reactivity studies on both 1.1 
and 1.2 were carried out towards D2, CO (Scheme 1.3), and CO2.
33  
 
Scheme 1.3: Reactivity of Ru-NHC hydride complexes towards CO 
 
Some members of these hydride species show particularly interesting 
reactivity patterns involving reductive elimination of NHC and hydride to afford 
imidazolium salts19, abnormal carbene binding through C5 rather than the 
expected C2 link21,22,28,35-37, as well as C-C38 and C-N bond activation39, plus 
intramolecular C–H bond activation. The latter is discussed in more detail 
below. 
 
1.2 Non-innocent behaviour of NHCs: C-H bond activation 
NHCs were originally regarded as inert spectator ligands, but it is now 
evident that they do not always play an innocent role. In particular, NHCs can 
undergo facile intramolecular C-H bond activation. This is due to their strong 
σ-donating behaviour which increases the electron density on the metal 
centre, as well as the position of the N-substituents that puts an NHC C-H 
bond proximal to the metal. This makes NHCs more susceptible to C-H 
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activation compared to phosphines, as the C-H bond is three bonds from the 
metal in the latter but four bonds away in an NHC, necessarily placing it 
closer to the metal centre (Figure 1.6).40 N-groups containing bulky 
substituents are more likely to undergo C-H activation, which will also be 
favoured by the formation of five-membered rings. N-Me substituted NHCs 
are unlikely to undergo C-H activation due to the strain of the resulting four 





Figure 1.6: C-H activation; M-NHC vs M-PR3 
 
1.3 Early examples of C-H activation 
Lappert and co-workers reported the first example of C-H activation in 
aryl substituted NHC complexes in 1977.41 The 16e- complex Ru(PPh3)3Cl2 
was refluxed with a carbene dimer (an enetetramine) containing N-p-tolyl 









Scheme 1.4: First example of C-H activation in aryl substituted NHC 
complexes 
 
Grubbs and co-workers reported a double C-H activation of an alkene 
metathesis catalyst, in which a Ru benzylidene carbon atom was inserted into 
an ortho C-H bond of one of the N-phenyl rings of an N,N’-
diphenylbenzimidazol-2-ylidene (biph) ligand (Scheme 1.5).42 The Ru centre 
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further inserted into another ortho C-H bond of the other N-phenyl ring of the 
biph ligand to give a new Ru-C bond. The formation of a five-membered 
metallacycle causes the planes of the phenyl groups of the biph ligands to be 
perpendicular to each other. The PCy3 eliminated in the formation of 1.6 acts 
as a base in assisting the C-H activation by receiving the HCl eliminated from 
1.6 to generate [HPCy3
+]Cl and 1.7.  
 
Scheme 1.5: Thermal decomposition of a ruthenium alkene metathesis 
catalyst, resulting in double C-H activation 
 
1.4 N-aryl and N-alkyl substituents in C-H activation  
It is more difficult to induce C-H activation in N-alkyl substituted NHCs 
than in N-aryl substituent derivatives. Although alkyl C-H bonds are weaker 
and easier to cleave, the M-C bonds formed in the resulting activated 
products are weaker for M-alkyl than M-aryl.43 Previous reports44-46 have 
shown that C-H activation of N-aryl substituents is preferred over N-alkyl, 
because an aryl system donates more π-bonding to a metal centre than an N-
alkyl group which makes it more favourable to C-H activation. Phenyl and 
mesityl substituents on the nitrogen have a higher tendency to undergo C-H 
17 
 
activation, since the steric bulk keeps the C-H bonds closer to the metal 
centre.46  
Morris et al reported the synthesis of Ru(SiMes’)(PPh3)2H (‘ refers to 
an activated NHC ligand) and Ru(IMes’)(PPh3)2H both resulting from 
cyclometallation of a C-H bond. They also tried to induce C-H activation with 
ItBu, but failed to do so. Instead they formed a reactive “Ru(ItBu)(PPh3)2” 
species which could not be isolated, but which reacted with H2 to afford two 
isomers of Ru(ItBu)(PPh3)2H2, both of which contained agostic C-H 
interactions to the ItBu ligands.44 
Peris and co-workers synthesised NHCs which contained both aryl and 
alkyl N-substituents in the form of 1-benzyl-3-tert-butylimidazol-2-ylidene and 
1-benzyl-3-isopropylimidazol-2-ylidene. These were then reacted with 
[IrCp*Cl2]2 to see which group would activate (Scheme 1.6). Aryl activation 
although favoured thermodynamically, would give a less stable six-membered 
ring product than made upon activation of an N-alkyl group which yields a 
more favourable five-membered ring. When they reacted 1-benzyl-3-tert-
butylimidazol-2-ylidene with [IrCp*Cl2]2, the resulting product 1.8 was formed 
via aliphatic C-H activation with no evidence of the aromatic C-H activated 
product, but when 1-benzyl-3-isopropylimidazol-2-ylidene was used, aromatic 
C-H activation was preferred affording 1.10, although this required the 
addition of a strong base as the intermediate containing the non-metalated 
species 1.9 was stable. They concluded that steric hindrance from the type of 
imidazolylidene ligand used played an important part in determining the 




Scheme 1.6: Alkyl and aryl C-H activation of NHCs in a Cp*Ir derived 
fragment 
 
1.5 C-H activation of NHCs in Ru, Rh and Ir complexes 
 Whittlesey and co-workers have reported C-H activation of N-alkyl 
substituted NHCs at ruthenium. Thus, Ru(PPh3)3(CO)H2 reacted with IEt2Me2 
to form Ru(IEt2Me2)(PPh3)2(CO)H2 1.11, which upon addition of the hydrogen 
acceptor CH2=CHSiMe3 generated the corresponding C-H activated complex, 
Ru(IEt2Me2’)(PPh3)2(CO)H, 1.12. In contrast, when Ru(PPh3)3(CO)H2 was 
reacted with IiPr2Me2, direct activation to form Ru(I
iPr2Me2’)(PPh3)2(CO)H 1.13 




Scheme 1.7: Alkene induced C-H bond activation of IEt2Me2 (top) and direct 
C -H activation of IiPr2Me2 (bottom) 
 
Reaction with Ru(PPh3)3HCl and IEt2Me2 did not lead to any clean C-H 
activation, but formed anagostic 1.14a, bis-carbene 1.14b and agostic 1.14c-
d products (Scheme 1.8). Exposing the mixture of products to ethene failed to 
induce complete C-H activation and instead resulted in decomposition and 





Scheme 1.8: Formation of four products upon reaction of Ru(PPh3)3HCl with 
IEt2Me2 
 
Nolan and co-workers reacted IMes with [Rh(coe)2Cl]2 at room 
temperature to form the cyclometallated complex Rh(IMes)(IMes’)HCl 1.15 
resulting from the C-H bond activation of an aryl methyl C-H bond of one of 
the IMes ligands (Scheme 1.9).49 
 
 
Scheme 1.9: C-H activation in a Rh-NHC complex 
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Herrmann et al prepared a new iridium (III) NHC complex where the 
cyclohexyl substituent underwent C-H activation (Scheme 1.10). They reacted 
[IrCp*Cl2]2 with one equivalent of ICy to afford complex 1.16 containing an 
intact ICy ligand. Addition of two equiv. of CH3MgCl afforded the 
corresponding dimethyl complex 1.17 which still retained the unactivated ICy 
ligand. One equivalent of HOTf was added to 1.17 resulting in the elimination 
of two equiv. of CH4 to form 1.18 as a result of C-H activation of the 




Scheme 1.10: Functionalization of ICy by a C-H activation process at an 
iridium (III) centre 
 
Aldridge and co-workers reported Ir complexes bearing NHCs which 
undergo C-H activation.51-54 The hydrogenation of two highly unsaturated 
mono-NHC Ir(I) systems (IPr and IMes) were described in 2011.51 Although 
the loss of the cod ligand was observed in both reactions, they afforded 
different products. Ir(IPr)(cod)Cl generated a highly reactive trimer 
[Ir(IPr)(H2)Cl]3, whereas the IMes complex 1.19 underwent C-H bond 
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activation to afford Ir3(IMes)2(IMes’)Cl3H5 1.20 where one IMes ligand was 
activated at one methyl substituent (Scheme 1.11). 
 
Scheme 1.11: Hydrogenation of 1.19 to afford the C-H activated complex 1.20 
 
In contrast the reaction of the six membered NHC 6-Mes with 
[Ir(coe)2Cl]2 afforded Ir(6-Mes’)2H 1.21 which contained two activated NHC 
ligands (Scheme 1.12).55 This double activation chemistry is in contrast with 
the behaviour of the less strongly donating and less bulky IMes ligand, which 
generates Rh(IMes)(IMes’)HCl 1.15 as shown in Scheme 1.9 and 
Ir(IMes)(IMes’)HCl 1.22 (Figure 1.7).49,56 More discussion on ring expanded 
NHC complexes will be presented in detail in Chapter 4. 
 









Figure 1.7: An Ir bis-IMes complex showing cyclometallation of one IMes 
ligand 
 
1.6 C-C and C-H bond activations reactions of NHCs 
Thermolysis of a benzene solution of Ru(PPh3)3(CO)H2 with IMes at 
353 K for 14 days led to the formation of Ru(IMes)(PPh3)2(CO)H2 1.23 and 
Ru(IMes)2(PPh3)(CO)H2 1.24. Heating the reaction mixture further at 383 K for 
2 days afforded the C-C insertion product 1.25 resulting from the cleavage of 
an Ar-CH3 bond. At no stage in the formation of the C-C activated complex 








However, facile C-H activation of 1.23 took place at room temperature 




Scheme 1.14: Formation of Ru(IMes’)(PPh3)2(CO)H 
 
1.7 C-H activation of NHCs in early and late transition metals 
Ru, Ir and Rh have the most established track record for C-H activation 
in NHCs, but it is also possible to cleave carbene C-H bonds using both 
earlier (Ta, Hf, Ti, V)57,58 and later (Ni) transition metals. In the case of Ta, C-
H activation does not take place at the N-group, but on one of the amido 
backbone arms.59 Thus, Fryzuk and co-workers described the reaction of 





Scheme 1.15: Synthesis of a metallated [NCNC] Ta alkyl derivative 
 
Caddick and co-workers illustrated intramolecular alkyl C-H activation 
of ItBu by Ni(cod)2 to form 1.30. Addition of I
tBu to Ni(cod)2 initially gave the 3-
coordinate Ni-ItBu bis diene complex 1.29, which upon elimination of a single 





Scheme 1.16: Intramolecular alkyl C-H activation of ItBu on Ni. 
 
1.8 Metal induced C-N bond activation reaction of NHCs 
The first example of C-N activation of NHCs was described in 2004 by 
Cloke, Caddick and co-workers (Scheme 1.17).60 Exposure of a THF solution 
of Ni(cod)2 and I
tBu to sunlight for 2 weeks yielded the dinuclear Ni(II) species 
1.31 containing two C-N activated ItBu ligands. Shorter irradiation times led to 
the isolation of an intermediate species containing a C-H activated N-tBu 
group 1.30, as shown above which upon heating with additional ItBu at 353 K 








Scheme 1.17: Nickel induced C-N bond activation of an NHC 
 
A number of other examples of metal induced C-N activation have now 
been reported.61-67 Treatment of Ru(PPh3)3(CO)HCl with I
iPr2Me2 in THF at 
343 K afforded a mixture of products consisting not only of the C-H activated 
carbene complex cis-Ru(IiPr2Me2)′(PPh3)2(CO)H 1.13, but also more 
unexpectedly, of 1.32 formed through C-N activation of one of the N-iPr 
linkages in the carbene (Scheme 1.18). Repeating the same reaction but at 
323 K and leaving it for 6 days gave complete conversion to complex 1.32 
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allowing its isolation. 1.13 was identified as a precursor to 1.32 since direct 
heating of 1.13 in the presence of a chloride source gave a mixture of 1.32 
and a C/N tautomerised product. However C-N activation was completely 
shut down when the reaction of Ru(PPh3)3(CO)HCl with I
iPr2Me2 was run in 
the presence of 1 atm of H2.
39,68 
 
Scheme 1.18: Ruthenium induced C-N bond activation of an NHC 
 
1.9 Reversing C-H activation 
Nolan et al reported the synthesis of the coordinatively unsaturated 
NHC-M complexes 1.33, upon reaction of [IrCl(coe)2]2 and [RhCl(coe)2]2 with 
four equiv. of ItBu. One of the C-H activated ItBu ligands undergoes 
hydrogenation to afford 1.34 (Scheme 1.19).13,34,69 
 
 









 The synthesis of Rh(IMes)(IMes’)HCl 1.15 which contained an 
activated methyl group on the IMes was reported by Nolan and co-workers. 
However, C-H activation can also be reversed by the addition of H2 to form 
Rh(IMes)2H2Cl 1.35. Adding CO to 1.15 generates the mono carbonyl 
complex Rh(IMes)2(CO)Cl 1.36 (Scheme 1.20).
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Scheme 1.20: Reactivity of 1.15 with H2 and CO 
 
1.10 Catalysis with C-H activated NHC metal complexes 
Cyclometallation is a well-established reaction for transition metal NHC 
complexes, particularly involving late metals such as Ru, Rh and Ir. In some 
cases where metallation can be reversed by reaction with H2 or a hydrogen 
donor, the reaction can become part of a catalytic cycle. An example is shown 
in Scheme 1.21 for the catalytic ‘borrowing hydrogen’ process. The metallated 
N-iPr carbene complex 1.13 picks up the H2 released during the oxidation of 
alcohol to an aldehyde to form the corresponding dihydride complex 1.37. 
This can then bring about the hydrogenation of an alkene (formed for 
example by reaction of aldehyde with Ph3P=CHR’), reforming the metallated 








The addition of NHCs to metal complexes makes them suitable for a 
broad spectrum of catalytic applications, which include transfer 
hydrogenation.8 Ruthenium NHC complexes have been shown to perform 
efficient transfer hydrogenation reactions with alcohols and alkenes based on 
the reversible C-H activation of 1.23 (Scheme 1.22). 
 
 
Scheme 1.22: Transfer hydrogenation reaction between alcohol and alkene 




Whittlesey and co-workers have also shown the ability of 1.23 to take 
part in indirect Wittig reactions, which involves the conversion of an alcohol to 
alkane (Scheme 1.23). The activity of 1.23 is somewhat greater than that of 











Table 1.1: Effect of ruthenium complexes upon the indirect Wittig reaction of 
benzyl alcohol to alkane 
 
The synthesis of amides is one of the most important reactions in 
organic chemistry. Madsen has shown that an in-situ generated ruthenium 
catalyst prepared by combining Ru(PPh3)3Cl2, an imidazolium salt and a base 
is capable of generating amides from a combination of alcohols and 
amine.72,73 Only low yields of products were formed, but these could be 
improved significantly by replacing the ruthenium phosphine precursor by 
[Ru(cod)Cl2]n (Scheme 1.24). However the nature of the active catalyst in 
these reactions was unknown. 
 
Scheme 1.24: Conversion to an amide using Ru complexes 
 





Wolf and co-workers showed that combining [Ru(cod)Cl2]n, I
iPr2Me2, 
PCy3 and KO
tBu gave the alkenyl carbene complex Ru(IiPr2Me2’)’(PCy3)2Cl 
1.33 (Scheme 1.25).74 However no catalytic turnover could be observed when 
compound 1.38 was tested as a catalyst for the dehydrogenative coupling of 
2-phenyl ethanol and benzylamine, indicating that this species is not the 
active fragment formed in Madsen’s in-situ reaction. 
 
 






















1.11 Thesis synopsis 
 
This thesis describes the use of five and six-membered NHCs as 
supporting ligands for the formation of new ruthenium and rhodium 
complexes. The results are separated into 3 Chapters, each describing a 
different aspect of NHC chemistry. 
Chapter 2 illustrates the use of [Ru(cod)Cl2]n, Ru(PPh3)3Cl2 and 
Ru(DMSO)4Cl2 as precursors and their reactivity with 5-NHCs (I
iPr2Me2, 
IEt2Me2 and I
tBu) to afford an array of C-H activated Ru complexes. 
Chapter 3 describes the reactivity of the previously reported 
[Ru(NHC)4H]
+ species towards amine boranes and the catalytic transfer 
hydrogenation of a series of organic substrates. 
Chapter 4 describes the synthesis and reactivity of new ruthenium and 
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2.1 Ruthenium hydride NHC complexes 
In 2009 our group reported the synthesis of a series of [Ru(NHC)4H]
+ 
salts containing the ligands IiPr2Me2, IEt2Me2 and IMe4.
1 Treatment of 
Ru(PPh3)3HCl with four equiv. of these NHCs afforded the five-coordinate 
cations [Ru(NHC)4H]
+ as purple powders. Metathesis with Na[BArF4] in either 
MeCN or toluene allowed isolation of the structurally characterised [BArF4] 








The ability of the 16-electron Ru-NHC species to bind small molecules 
was reported to vary with the N-substituents on the carbene ligands. Thus, 
[Ru(IiPr2Me2)4H]
+ reversibly coordinates O2, but is unreactive towards either 
H2 or N2. The N-ethyl and N-Me complexes are oxidised by O2 but reversibly 
coordinate H2 and N2.
1,2 
Shortly afterwards, Wolf and co-workers reported the synthesis of 
tetrakiscarbene hydride complexes Ru(IMe4)4H2 and [Ru(IMe4)4H][BEt4] from 






Scheme 2.2: Synthesis of ruthenium hydride complexes via Ru(IMe4)4Cl2 
 
Complex 2.4 was formed initially from the reaction of Ru(PPh3)3Cl2 with 
IMe4, although the PPh3 by-product was difficult to separate. Changing the 
precursor to [Ru(cod)Cl2]n  and reacting it with four equiv. of IMe4 cleanly 
afforded 2.4. Treatment with LiAlH4 afforded the neutral dihydride complex 
2.5, whereas treatment of 2.4 with LiBHEt3 took a completely different course 
and generated the cation [Ru(IMe4)4H]
+ 2.3, with [BEt4]










Radius et al carried out experiments in order to synthesise new tetrakis 
carbene dichloride complexes of ruthenium with a range of N-alkyl substituted 
NHCs. Reaction with the unsymmetrical NHC IiPrMe, gave four isomers of 
Ru(IiPrMe)4Cl2. At higher temperature, HCl elimination took place leading to 
formation of 2.6 (along with isomers which were not structurally 
characterised) via C-H activation of one of the methyl groups on an iPr arm. 
When the reaction was attempted with IiPr, a mixture of products was also 
formed including the C-H activated product, Ru(IiPr)3(I
iPr’)Cl 2.7, as well as 
the cationic hydride complex [Ru(iPr)4H]
+ 2.8, and imidazolium salt, which 
formed by reaction of the eliminated HCl (Scheme 2.3).4 
 







In light of these findings by Wolf and Radius, we attempted to use a 
range of ruthenium dichloride starting materials including [Ru(cod)Cl2]n, 
Ru(PPh3)3Cl2 and Ru(DMSO)4Cl2, in efforts to prepare a range of new 
cyclometallated NHC complexes. 
 
2.2 Synthesis of Ru(IiPr2Me2’)(I
iPr2Me2)2Cl (2.9) 
A toluene solution of Ru(PPh3)3Cl2 containing four equiv. of I
iPr2Me2 
was stirred for 24 h at 298 K to afford the C-H activated triscarbene chloride 
complex Ru(IiPr2Me2’)(I
iPr2Me2)2Cl 2.9. This was isolated as an orange solid 
in 43% yield (Scheme 2.4) and characterised through a combination of X-ray 
crystallography and 1D and 2D NMR spectroscopy. 
 
Scheme 2.4: Synthesis of Ru(IiPr2Me2’)(I
iPr2Me2)2Cl 
 
Crystals suitable for X-ray diffraction were obtained from slow diffusion 
from hexane into a concentrated benzene solution of the complex. The X-ray 











Figure 2.3: Molecular structure of Ru(IiPr2Me2’)(I
iPr2Me2)2Cl (2.9) (thermal 
ellipsoids at 30% probability; hydrogen atoms except those on the 
cyclometallated and agostic arm are removed for clarity). Selected bond 
lengths [Å] and angles [°]: Ru(1)-C(1) 2.0669(16), Ru(1)-C(11) 2.1446(18), 
Ru(1)-C(12) 2.0268(15), Ru(1)-C(23) 2.10829(16), Ru(1)-Cl(1) 2.5240(4), 
C(1)-Ru(1)-C(11) 76.32(6), C(1)-Ru(1)-C(23) 168.32(6), C(11)-Ru(1)-C(23) 
104.27(6). 
 
The molecular structure comprises of a distorted octahedral geometry 
with a chloride and three carbene ligands, a metallated iPr arm and, in the 
sixth coordination site trans to the metallated arm, an agostic interaction to an 
iPr methyl group. The agostic distances [Ru…H(33a) 1.97 Å, Ru…C(33) 
2.703(2) Å] are shorter than those found in analogous Ru-NHC complexes5,6 
and are in the range associated with strong interactions.7-10 The three Ru-
CNHC distances are all different with the distance to the agostic NHC 
significantly longer [Ru(1)-C(23) 2.1082(16) Å] than to either of the remaining 
two NHC ligands [Ru(1)-C(1) 2.0669(16) Å; Ru(1)-C(12) 2.0268(15) Å]. 
The 1H NMR spectrum of 2.9 showed four septets (marked as * in 
Figure 2.4) between 5.8 and 6.8 ppm, arising from the methine protons of the 
unactivated iPr groups. Two septets at 3.7 and 4.0 ppm (*) arise from the 
methine protons on the agostically bound and C-H activated iPr arms 
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respectively; assignment of these was made by 1H COSY. There are eleven 
iPr methyl groups, with five of these doublet resonances overlapping between 
1.5 -2.1 ppm. The remaining six signals (marked as #) are clearer and are 










Figure 2.4: Partial 1H NMR spectrum of 2.9 (C6D6, 500 MHz, 298 K) 
 
The 13C{1H}  NMR spectrum showed three characteristically high 
frequency singlets at 203, 202 and 200 ppm, assigned to the carbenic 
carbons of the agostic, C-H activated and unactivated ligands respectively on 
the basis of 1H-13C HSQC experiments. 
Employing the same approach used by Wolf and co-workers3 (Scheme 
2.2), reactions of [Ru(cod)Cl2]n with an excess (4 equiv.) of I
tBu, IEt2Me2 and 
IiPr2Me2 were attempted in toluene solution at 373 K for 4 h. No Ru-NHC 
products could be isolated from the reaction involving ItBu, most likely 
because of its very bulky nature. The reaction with the N-ethyl-substituted 
carbene gave one major product, which was identified as the cationic 
tetrakiscarbene hydride complex [Ru(IEt2Me2)4H]
+ on the basis of the very low 
frequency hydride resonance (-41.0 ppm).1 In the case of IiPr2Me2, a 
homogeneous red-orange solution was formed from which a mixture of purple 
and orange microcrystalline solids were isolated. The former was 
characterised as [Ru(IiPr2Me2)4H]
+ while the latter was identified as 2.9. 






Studies on the reactivity of 2.9 focused on the potential reversibility of 
C-H activation. Thus, addition of 1 atm H2 to a benzene solution of 2.9 
resulted in the rapid formation of a mixture of products at room temperature, 
implying that the complex adds H2 in an uncontrolled way. It may be possible 
to overcome this by carrying out the reaction with H2 at low temperature and 
following progress by low temperature NMR spectroscopy. 
 
2.3 Synthesis of Ru(ItBu’)(PPh3)2Cl (2.10a/b) 
A solution of Ru(PPh3)3Cl2 and six equiv. of I
tBu was stirred for 12 h in 
benzene at 298 K to afford the C-H activated complex Ru(ItBu’)(PPh3)2Cl 
2.10a/b as a mixture of trans and cis phosphine isomers (Scheme 2.5).  
 
 
Scheme 2.5: Synthesis of Ru(ItBu’)(PPh3)2Cl 
 
By 31P{1H} NMR spectroscopy (Figure 2.5), the major product was the 
trans phosphine isomer 2.10a, which displayed a singlet resonance at 40.3 
ppm, while the cis-phosphine isomer 2.10b exhibited two doublet resonances 




















Figure 2.5: 31P{1H} NMR spectrum of the two isomers of 2.10 (CD2Cl2, 162 
MHz, 298 K) 
 
The 1H NMR spectrum of 2.10a displayed two singlets at 6.9 and 6.7 
ppm for the inequivalent backbone protons. A triplet at 2.2 ppm (JHP = 8.5 Hz) 
was assigned to the CH2 of the activated arm of the carbene; it exhibited a 
correlation to a 13C methylene resonance (based on the PENDANT spectrum) 
at 12.3 ppm. Two singlets at 0.8 and 0.5 ppm with relative integrals of 9 and 6 
respectively arose from the remaining N-Me groups of the ItBu ligand, and 
were correlated by 1H COSY and HSQC NMR spectroscopy. The very low 
concentration of the cis-isomer 2.10b limited any detailed spectroscopic 
characterisation. 
Dark red crystals of 2.10a were isolated from a benzene/hexane 









Figure 2.6: Molecular structure of the major trans phosphine isomer of 
Ru(ItBu’)(PPh3)2Cl (2.10a) (thermal ellipsoids at 30% probability; hydrogen 
atoms except those on the cyclometallated arm are removed for clarity). 
Selected bond lengths [Å] and angles [°]: Ru(1)-C(1) 1.964(3), Ru(1)-C(11) 
2.187(5), Ru(1)-P(1) 2.3626(9), Ru(1)-P(2) 2.3621(9), Ru(1)-Cl(1) 2.4712(9), 
C(1)-Ru(1)-C(11) 77.99(15), C(1)-Ru(1)-Cl(1) 176.27(11), P(1)-Ru(1)-P(2) 
172.97(3). 
 
The two phosphorus atoms, along with the chloride and carbenic 
carbon, formed the base of a square pyramid with the Ru 0.002 Å out of the 
plane and the methylene group of the activated arm in the fifth, apical 
position. 
The X-ray crystal structure of 2.10a can be compared with that of the 
previously reported IiPr2Me2 analogue
11 2.11 (Figure 2.7) since the two 
complexes adopt essentially identical geometries. The Ru-CNHC bond lengths 
are the same, although the Ru-P bond lengths in 2.10a are slightly longer 
than those in 2.11, (Table 2.1), probably due to the bulky tertiary butyl groups 
forcing the phosphorus atoms away from the ruthenium centre. Steric bulk 
may also account for the bond length between the Ru and the activated arm 




Figure 2.7: Ru(IiPr2Me2’)(PPh3)2Cl 
 
 2.10a Ru(IiPr2Me2’)(PPh3)2Cl 2.11 
Ru(1)-C(1) 1.964 (3) 1.9695(17) 
Ru(1)-C(11) 2.187 (5) 2.116(2) 
Ru(1)-P(1) 2.3626(9) 2.3326(4) 
Ru(1)-P(2) 2.3621(9) 2.3290(4) 
C(1)-Ru(1)-C(4) 77.99(15) 76.61(8) 
P(1)-Ru(1)-P(2) 177.226(15) 177.264(15) 
 
Table 2.1: Comparison of bond lengths [Å] and angles [°] in 2.10a and 2.11 
 
Again, studies on the reactivity of 2.10a focused on the possible 
reversibility of the C-H activation. The addition of H2 (1 atm) to a CD2Cl2 
solution of 2.10a failed to result in simple reversal of C-H activation, but 
instead gave a complex mixture of products. The 1H NMR spectrum did 
display two triplets at -20.0 and -20.2 ppm indicating that hydride containing 
products were formed, but we were unable to isolate a single major product 
out of the reaction. 
 
2.4 Reactivity of Ru(DMSO)4Cl2 towards NHCs 
After the first few reports on transition metal complexes with sulfoxides 
in the early sixties12,13, the chemistry of this class of compounds has 
increased both quickly and widely. The interest in these compounds 
expanded, as they were shown to be useful starting materials to the synthesis 
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of new organometallic and coordination compounds.12 Furthermore, they 
have been studied widely in basic coordination chemistry, for the ambidentate 
nature of sulfoxides, and their cis and trans effects.13 All these studies are 
related to the strength and nature of the metal-sulfoxide bond. Therefore, an 
understanding of the parameters affecting the bonding mode of sulfoxides in 
metal complexes is a fundamental aspect of their coordination chemistry. 
Previous work and our interest in ruthenium(II) halide complexes guided us to 
investigate the reactivity of Ru(DMSO)4Cl2 towards NHCs. 
 
2.5 Synthesis of Ru(IEt2Me2’)(DMSO)3Cl (2.12) 
Treatment of Ru(DMSO)4Cl2 with three equiv. of IEt2Me2 in toluene 
gave no reaction at 298 K but, upon heating at 373 K, afforded the C-H 
activated carbene tris-DMSO complex Ru(IEt2Me2’)(DMSO)3Cl 2.12 (Scheme 
2.6) as a light brown powder in 56% yield. Crystals suitable for X-ray 
crystallography were obtained by slow diffusion of hexane into a concentrated 
solution of the complex in benzene. 
 
Scheme 2.6: Synthesis of Ru(IEt2Me2’)(DMSO)3Cl 
 
The structure of 2.12 (Figure 2.8) revealed a distorted octahedral 
geometry with a mer-arrangement of three S-bonded DMSO ligands, two of 
which are trans to each other, and the third trans to the activated arm of the 
NHC. The observed S-bound coordination of the DMSO ligands is as 
expected due to the soft nature of the Ru(II) centre. The Ru–S distances vary 
between 2.2803(5)–2.3268(5) Å and are in accordance with other Ru(II) S-




Figure 2.8. Molecular structure of Ru(IEt2Me2’)(DMSO)3Cl (2.12) (thermal 
ellipsoids at 30% probability; hydrogen atoms, except those on the 
cyclometallated arm, are removed for clarity) Selected bond lengths [Å] and 
angles [°]: Ru(1)-C(1) 2.062(2), Ru(1)-C(5) 2.130(2), Ru(1)-S(1) 2.3178(5), 
Ru(1)-S(2) 2.3268(5), Ru(1)-S(3) 2.2803(5), Ru(1)-Cl(1) 2.5398(5), C(1)-
Ru(1)-C(2) 92.83(7), C(1)-Ru(1)-C(3) 93.87(8), C(1)-Ru(1)-C(4) 167.06(7), 
C(3)-Ru(1)-Cl(1) 174.79(6), S(1)-Ru(1)-S(2) 92.304(18), S(2)-Ru(1)-S(3) 
174.127(19), S(1)-Ru(1)-C(1) 170.55(6). 
 
The 1H NMR spectrum of 2.12 (Figure 2.9) showed three methyl 
singlets in a 1:1:1 ratio between 2.5-3.2 ppm for the DMSO ligands. The 
protons of the activated arm gave rise to two doublets of doublets, one at 3.6, 
the other at 1.9 ppm. The 1H COSY spectrum (Figure 2.10) showed that each 
proton was coupled to the other and then also to a different proton of the 




















































Figure 2.9: 1H NMR spectrum of 2.12 (C6D6, 500 MHz, 298 K) 
 
 
Figure 2.10: 1H COSY spectrum of 2.12 highlighting the coupling of the N-CH2 
















2.6. Reactivity of Ru(IEt2Me2’)(DMSO)3Cl 
Upon heating 2.12 under vacuum at 348 K for 5 h, there was no 
evidence for any dissociation of the DMSO ligands. Dissolution of the 
complex in chlorinated solvents (CD2Cl2 or CDCl3) led to immediate colour 
changes from yellow to green. The resulting 1H NMR spectra showed loss of 
all starting material resonances and formation of a characteristically high 
frequency resonance at 10.8 ppm, assigned to [IEt2Me2H]Cl. It is possible that 
traces of acid contamination in such solvents may result in the complex 
undergoing protonation and dissociation of the NHC ligand in the form of the 
imidazolium salt.  
 
Scheme 2.7: Synthesis of Ru(IEt2Me2’)(CO)3Cl 
 
A slow substitution reaction was observed upon treatment of 2.12 with 
CO (1 atm) to form the tricarbonyl complex Ru(IEt2Me2’)(CO)3Cl 2.13 
(Scheme 2.7). The 1H NMR spectrum recorded after 72 h at room 
temperature showed the presence of a signal for free DMSO at 1.7 ppm, 
along with residual signals of the starting material at 2.6, 3.0 and 3.1 ppm. 
After replenishing the CO and leaving for an additional 2 days all of the 
starting material had reacted and the 1H NMR spectrum now showed the peak 
at 1.7 ppm, along with a triplet and five multiplets at 1.0, 2.2, 2.5, 3.4, 3.6 and 
4.0 ppm respectively. 1H COSY was used to assign the resonances at 2.2, 
2.5, 3.4 and 4.0 ppm to the inequivalent protons of the activated arm (marked 
as # in Figure 2.11). The methylene protons from the remaining N-Et group 
were also inequivalent and appeared at 3.6 and 3.4 ppm (marked as *). In a 
separate experiment, complete substitution of the three DMSO ligands by CO 


























Figure 2.11: 1H COSY spectrum of 2.13 showing the N-Et regions of the 
spectrum (C6D6, 500 MHz, 298 K) 
 
The X-ray crystal structure of 2.13 (Figure 2.12) showed a 
considerably distorted octahedral structure in which the three CO ligands 
were now arranged in a fac-orientation. The carbonyl ligand trans to the π-
donor Cl displayed a significantly shorter Ru–CO distance (1.8651(19) Å) 
than those trans to the NHC and metallated arms (1.9486(19) and 1.9898(19) 
















Figure 2.12: Molecular structure of Ru(IEt2Me2’)(CO)3Cl (2.13) (thermal 
ellipsoids at 30% probability; hydrogen atoms except those on the 
cyclometallated arm, removed for clarity) Selected bond lengths [Å] and 
angles [°]: Ru(1)-C(1) 1.9486(19), Ru(1)-C(2) 1.9898(19), Ru(1)-C(3) 
1.8651(19), Ru(1)-C(4) 2.0924(17), Ru(1)-C(8) 2.1656(17), Ru(1)-Cl(1) 
2.4573(4) C(1)-Ru(1)-C(2) 92.83(7), C(1)-Ru(1)-C(3) 93.87(8), C(1)-Ru(1)-
C(4) 167.06(7), C(3)-Ru(1)-Cl(1) 174.79(6). 
 
In the 13C {1H} NMR spectrum, there were four high frequency singlets 
at 195, 193, 189 and 184 ppm which were subsequently assigned by 
repeating the reaction with 13CO. The reaction with 1 atm 13CO was set up 
and after one month,15 the 13C{1H} NMR spectrum of 2.13 displayed two 
doublet of doublets and one triplet, all with coupling constants of ca. 3 Hz 





Figure 2.13: High frequency region of the 13C{1H} NMR spectrum of 13CO 
labelled 2.13 (C6D6, 125 MHz, 298 K) 
 
The 13C labelling experiment allowed an usual 13C-13C COSY spectrum 
to be recorded which showed the anticipated coupling of all three CO ligands 
to one another (Figure 2.14). 
 
 
Figure 2.14: 13C-13C COSY spectrum of 13CO labelled 2.13 (C6D6, 100 MHz, 
298 K) 














Another useful spectroscopic technique, infrared, was used to assign 
the carbonyl bands. Table 2.2 shows the carbonyl bands for both the 12CO 
and 13CO isotopomers. 
 
Complex ʋCO (cm
-1, KBr disk) 
Ru(IEt2Me2’)(
12CO)3Cl 2000, 2027, 2085 
Ru(IEt2Me2’)(
13CO)3Cl 1955, 1982, 2038 
 
Table 2.2: IR carbonyl stretching bands of Ru(IEt2Me2’)(CO)3Cl containing 
either 12CO or 13CO. 
 
As expected the carbonyl bands for the complex containing 13CO are 
at lower frequency than the bands found in the 12CO labelled sample. The 
difference in ʋCO for the 
12CO and 13CO isotopomers can be determined by 
the reduced masses and is calculated as 46 cm-1. The predicted 13CO peaks 
of 1954, 1981 and 2039 cm-1 are virtually identical to the experimentally 
measured frequencies. 
The reaction with 13CO was repeated again, and the 13C{1H} NMR 
spectrum recorded after one week. Interestingly, five peaks were now 
observed (Figure 2.15), three from 2.13 and two doublet resonances at 197 
and 192 ppm with 2Jcc ca. 4 Hz (# in Figure 2.15) assigned to the intermediate 
dicarbonyl complex 2.14 (Scheme 2.8). This slowly converted to 2.13 over 




























































































Figure 2.15: High frequency region of the 13C{1H} NMR spectrum of 2.13 and 
2.14 (C6D6, 125 MHz, 298 K) 
 
Due to the fact that the intermediate dicarbonyl complex was only 
present as part of a mixture with 2.12 and 2.13, it could not be isolated. 
Therefore the exact geometry of 2.14 in terms of the relative positions of the 
DMSO and Cl ligands is not known (possible isomers a and b are shown in 
Scheme 2.8). The magnitude of 2Jcc implies that the CO ligands are cis, but 
the arrangement of the DMSO and chloride ligand then remains ambiguous. It 
is clear that CO substitutes two DMSO ligands to give either 2.14a or 2.14b, 
however the formation of 2.14b requires isomerisation of 2.12, but then has 
the same ligand geometry as the final product. The alternative isomer 2.14a 










Scheme 2.8: Pathway for reaction of 2.12 with CO 
 
The reaction of 2.12 with CO indicates that the DMSO ligands are 
substitutionally labile with strongly coordinating ligands. Unsurprisingly, 2 
equiv. of IEt2Me2 also reacted with 2.12 at 298 K over 7 days to afford the 
cationic hydride product [Ru(IEt2Me2)4H]
+, along with traces of imidazolium 
salt. Even though only two equiv. of IEt2Me2 were used, there is obviously a 
strong driving force to make the four carbene containing product. Attempts to 
react 2.12 with either IMe4 or I
iPr2Me2 gave only mixtures of products.  
 
2.7 Reactivity of 2.12 towards PPh3: Synthesis of Ru(IEt2Me2’)(PPh3)2Cl 
(2.15) 
Ru(IEt2Me2’)(DMSO)3Cl and three equiv. of PPh3 were dissolved in 
C6D6 affording a dark brown solution. After 72 h, a brown precipitate was 
observed, which was isolated and dried in vacuo. 1H, 31P{1H} and 13C{1H}  
NMR spectroscopy were used to characterise this product as the C-H 





Scheme 2.9: Synthesis of Ru(IEt2Me2’)(PPh3)2Cl 
 
The 1H NMR spectrum in THF-d8 revealed a doublet of doublets and a 
quintet at 1.4 ppm (J =7.6 Hz) and 2.1 ppm (J =7.6 Hz) respectively, which 
were assigned to the protons of the N-CH2 and Ru-CH2 groups respectively in 





Figure 2.16: Alkyl region of the 1H NMR spectrum of 2.15 (THF-d8, 500 MHz, 
298 K) 
 
The 31P{1H} NMR spectrum revealed a singlet at 40.2 ppm consistent 
with the trans-PPh3 geometry. No other peaks were present showing there 
were no isomers, unlike the case of 2.10a/b (Scheme 2.5). The 13C{1H} NMR 
spectrum showed two distinctive triplet resonances at δ 184.7 (2JCP = 14.0 
Hz) assigned to Ru-CNHC and δ -3.6 (JCP = 7.3 Hz) for the Ru-CH2 group. All 
the product peaks were correlated by 1H COSY and HSQC. 
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The structure was further verified using X-ray crystallography, using 
crystals obtained by slow diffusion of hexane into a concentrated solution of 
the complex in THF (Figure 2.17). 
 
 
Figure 2.17. Molecular structure of Ru(IEt2Me2’)(PPh3)2Cl (2.15) (thermal 
ellipsoids at 30% probability; hydrogen atoms except those on the 
cyclometallated arm, removed for clarity) Selected bond lengths [Å] and 
angles [°]: Ru(1)-C(1) 1.9639(16), Ru(1)-C(4) 1.2.1157(17), Ru(1)-C(3) 
1.8651(19), Ru(1)-P(1) 2.3365(4), Ru(1)-P(2) 2.3267(4), Ru(1)-Cl(1) 
2.4456(4) P(1)-Ru(1)-P(2) 177.226(15), C(1)-Ru(1)-Cl(1) 160.70(5). 
 
A comparison of the bond lengths and angles in 2.15 and the IiPr2Me2 
analogue 2.11 reveals essentially no differences (Table 2.3). 
 2.15 2.11 
Ru(1)-C(1) 1.9639(16) 1.9695(17) 
Ru(1)-C(4) 2.1157(17) 2.116(2) 
Ru(1)-P(1) 2.3365(4) 2.3326(4) 
Ru(1)-P(2) 2.3267(4) 2.3290(4) 
C(1)-Ru(1)-C(4) 77.90(7) 76.61(8) 
P(1)-Ru(1)-P(2) 177.226(15 177.264(15) 
 
Table 2.3: Selected bond lengths [Å] and angles [°] for 2.15 and 2.11 
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As previously reported, 2.11 had been prepared directly from 
Ru(PPh3)3HCl and I
iPr2Me2.
11 It was also reported that when this route was 
attempted using IEt2Me2, no clean C-H activation was observed, and instead, 
a mixture of products was formed.  
 
2.8 Attempts to prepare Ru(IEt2Me2’)(PPh3)2Cl using an alternative route  
After successfully preparing 2.15 from 2.12 by the addition of excess 
PPh3, we were interested in looking for a ‘one-step’ route to 2.15, since the 
ItBu analogue 2.10a could be prepared via reaction of Ru(PPh3)3Cl2 and two 
equiv. of NHC. Ru(PPh3)3Cl2 and two equiv. of IEt2Me2 were charged to an 
NMR tube and dissolved in C6D6. After 7 days at room temperature a brown 
precipitate was observed. The 1H NMR spectrum of this precipitate (in 
CD2Cl2) displayed peaks due to 2.15, but also revealed a signal at 10.8 ppm 
for [IEt2Me2H]
+. It is reasonable to propose that as only one IEt2Me2 goes to 
the product, the second equivalent of IEt2Me2 must remove HCl to afford the 
activated Ru complex and imidazolium salt. This showed the reaction of 2.12 
with PPh3 is a much cleaner route to form Ru(IEt2Me2’)(PPh3)2Cl. 
Upon reacting Ru(PPh3)Cl2 with four equiv. of IEt2Me2 in toluene at 298 
K for 24 h, a brown/ red powder was isolated in 52% yield and shown by X-
ray crystallography (Figure 2.18) to be the dichloride complex Ru(IEt2Me2)4Cl2 
(2.16) shown in Scheme 2.10. 
  
 




Figure 2.18: Molecular structure of Ru(IEt2Me2)4Cl2 (2.16) (thermal ellipsoids 
at 30% probability; hydrogen atoms arm removed for clarity) Selected bond 
lengths [Å] and angles [°]: Ru(1)-C(1) 2.1234(17), Ru(1)-C(10) 2.1164(18), 
Ru(1)-C(19) 2.094(2), Ru(1)-C(28) 2.131(2), Ru(1)-Cl(2) 2.4514(6) Ru(1)-
Cl(3) 2.4700(6), C(1)-Ru(1)-C(10) 178.57(15), C(1)-Ru(1)-C(28) 90.66(9). 
 
The X-ray crystal structure (Figure 2.18) revealed a trans arrangement 
of chloride ligands. The bond lengths and angles are comparable, for the 
most part to those of the IMe4 analogue prepared by Wolf and co-workers 
(Table 2.4).3 The Ru-C distances in both complexes are the same, although 
the Ru-Cl bond lengths are somewhat shorter in 2.16. This may reflect the 
ability of the substituents on the IEt2Me2 ligands to bend away from the metal 
centre more than in the case of IMe4 allowing a slightly closer approach of the 
chlorides. 
The 1H NMR spectrum of the complex displayed two doublet of 
quartets from the diastereotopic methylene protons of the ethyl arms and 
triplet from the Me groups. The carbenic carbons appeared at 198.8 ppm in 









 2.16 Ru(IMe4)4Cl2 
Ru(1)-C(10) 2.1164(18) 2.113(3) 
Ru(1)-C(1) 2.1234(17) 2.113(3) 
Ru(1)-C(28) 2.131(2) 2.113(3) 
Ru(1)-C(19) 2.094(2) 2.113(3) 
Ru(1) – Cl(2) 2.4514(6) 2.465(2) 
Ru(1) – Cl(3) 2.4700(6) 2.516(2) 
Cl(2)-Ru(1)-Cl(3) 178.16(2) 180(1) 
 


























2.9 CHAPTER SUMMARY 
In an effort to make new Ru(NHC)x (x = 1-4) complexes, we have 
combined different Ru dichloride precursors including [Ru(cod)Cl2]n, 
Ru(PPh3)3Cl2 and Ru(DMSO)4Cl2 with a series of N-alkyl substituted 
carbenes. The addition of IiPr2Me2 to [Ru(cod)Cl2]n or Ru(PPh3)3Cl2 afforded 
Ru(IiPr2Me2’)(I
iPr2Me2)2Cl, which contained a C-H activated carbene as well 
as one showing an agostic interaction. The reaction of Ru(PPh3)3Cl2 with I
tBu 
generated only the mono C-H activated carbene product Ru(ItBu’)(PPh3)2Cl. 
Changing the Ru precursor to Ru(DMSO)4Cl2 and reacting with IEt2Me2 
resulted in C-H activation to give Ru(IEt2Me2’)(DMSO)3Cl. 
The latter proved to be the most susceptible to reactivity studies. Thus, 
treatment with CO at room temperature brought about substitution of all three 
DMSO ligands to afford the tricarbonyl complex Ru(IEt2Me2’)(CO)3Cl. The 
latter was also reacted with PPh3 to give the bis-phosphine species 
Ru(IEt2Me2’)(PPh3)2Cl. Attempts to generate Ru(IEt2Me2’)(PPh3)2Cl by an 
alternative reaction of IEt2Me2 with Ru(PPh3)3Cl2 proved unsuccessful when 
two equiv. of carbene were used, although with four equiv. of NHC, the 




















2.10.1 General methods 
All manipulations were carried out by using standard Schlenk, high vacuum 
and glovebox techniques with dried and degassed solvents. Deuterated 
solvents (Sigma–Aldrich) were vacuum transferred from K (C6D6, THF-d8) or 
CaH2 (CD2Cl2). Hydrogen (BOC, 99.9 %), 
12CO (BOC, 99.9%) and 13CO 
(Cambridge Isotope Laboratories) were used as received. NMR spectra were 
recorded at 298 K (unless otherwise stated) on Bruker Avance 500 and 400 
MHz NMR spectrometers and referenced as follows for 1H and 13C{1H} 
spectra: C6D6 (
1H, δ = 7.16 ppm; 13C, δ = 128.0 ppm), C4D8O (
1H, δ = 3.58 
ppm; 13C, δ = 25.4 ppm), CD2Cl2 (
1H, δ = 5.32 ppm; 13C, δ = 54.0 ppm). 
31P{1H} NMR chemical shifts were referenced to 85% H3PO4 (δ = 0.0 ppm). IR 
spectra were recorded on a Nicolet Nexus FTIR spectrometer as KBr disks. 
Elemental analysis was performed by London Metropolitan University, UK.  
 
Preparation of Carbenes 
2.10.2 Synthesis of IiPr2Me2=S. 1,2-diisopropyl-2-thiourea (11.33 g, 
70.7 mmol), 3-hydroxy-2-butanone (6.23 g, 70.7 mmol) and 1-hexanol (180 
mL) were refluxed at 433 K for 12 h. The solvent was removed in vacuo. The 
residue was washed with Et2O (2 x 20 mL) and H2O (2 x 30 mL). The 
precipitate was recrystalised from Et2O/H2O (1:1) and filtered to afford a white 
powder (10.86g, 72% yield). NMR data were in agreement with the 
literature.16 
2.10.3 Synthesis of IiPr2Me2. I
iPr2Me2=S (2.10 g, 9.91 mmol), THF (60 
mL) and chopped pieces of potassium (1.00 g, 25.6 mmol) were refluxed at 
253 K for 4 h under argon. After cooling, the suspension was filtered through 
celite and the filtrate reduced to dryness, to afford a cream powder (1.58 g, 
89% yield). NMR data were in agreement with the literature.16 
2.10.4 Synthesis of IEt2Me2. 1,3-diethyl-4,5-dimethylimidazole-2-(3H)-
thione (1.80 g, 10.0 mmol), THF (60 mL) and chopped pieces of potassium 
(1.00 g, 25.6 mmol) were refluxed for 4 h. After cooling, the suspension was 
filtered through celite and the filtrate reduced to dryness to afford an orange 
solid (1.08 g, 73% yield). NMR data were in agreement with the literature.16 
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2.10.5 Synthesis ItBu.17 A suspension of 1,3-di-tert-butylimidazolium 
chloride (0.85 g, 3.93 mmol) and KN(SiMe3)2 (0.85 g, 4.25 mmol) in THF (30 
mL) was stirred for 1 h at 298 K. It was then filtered through a celite pad, and 
the solvent removed under vacuum to afford a white powder (0.50 g, 71% 
yield). 1H NMR (C6D6, 500 MHz): δ 6.79 (s, 2H, CH), 1.51 (s, 18 H, C(CH3)3). 
 
Preparation of Ruthenium precursors 
2.10.6 Synthesis of Ru(PPh3)3Cl2.
18 RuCl3.3H2O (1.09 g, 4.17 mmol) 
in dry MeOH (250 mL) was refluxed for 5 min under Ar and then cooled. 
Triphenylphosphine (6.01 g, 22.9 mmol) was added and the solution refluxed 
for 3 h. After cooling to room temperature, the mixture was cannula filtered 
and the filtrate reduced to dryness. After washing the residue with Et2O (3 x 
20 mL), a brown powder was isolated (3.50 g, 88% yield). 
2.10.7 Synthesis of Ru(DMSO)4Cl2.
19 RuCl3.3H2O (1.00 g, 3.83 
mmol) in DMSO (5 mL) was refluxed at 433 K for 5 min and then cooled. The 
solution was reduced to half volume and acetone (20 mL) was added to 
precipitate a yellow solid. This was filtered and washed with non-dried, non-
degassed acetone (2 x 20 mL) and Et2O (2 x 20 mL) to afford 935 mg (51% 
yield) of product. 
 
Preparation of Ruthenium complexes 
2.10.8 Synthesis of Ru(IiPr2Me2’)(I
iPr2Me2)2’Cl (2.9). Ru(PPh3)Cl2 (50 
mg, 0.05 mmol) and IiPr2Me2 (35 mg, 0.19 mmol) were dissolved in toluene (5 
mL) in an ampoule fitted with a J. Youngs PTFE tap and stirred at 298 K for 
24 h. The solution was filtered, and the orange product isolated upon addition 
of hexane (5 mL) (15 mg, 43% yield). Recrystallization from benzene/hexane 
afforded X-ray quality crystals. Analysis for C33H59N6ClRu·0.5C6H6 (715.38) 
%: calcd. C 60.44, H 8.73, N 11.75; found C 60.42, H 8.58, N 11.73. 1H NMR 
(C6D6, 500 MHz): δ = 6.79 [sept, 
3JHH = 7.2 Hz, 1 H, NCH(CH3)2], 6.19 [sept, 
3JHH = 7.2 Hz, 1 H, NCH(CH3)2], 5.99 [sept, 
3JHH = 7.2 Hz, 1 H, NCH(CH3)2], 
5.78 [sept, 3JHH = 6.8 Hz, 1 H, NCH(CH3)2], 3.96 [sept, 
3JHH = 7.2 Hz, 1 H, 
NCH(CH3)2], 3.72 [sept, 
3JHH = 7.0 Hz 1 H, NCH(CH3)2], 3.60 (t, JHH = 7.7 Hz, 
1 H, RuCH2), 2.04 (s, 3 H, NCCH3), 2.02 [m, 3 H, NCH(CH3)2], 2.01 [m, 3 H, 
NCH (CH3)2], 2.00 (s, 3 H, NCCH3), 1.85 (s, 6 H, NCCH3), 1.72 (m, 1 H, 
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RuCH2), 1.66 (s, 3 H, NCCH3), 1.58 [m, 3 H, NCH(CH3)2], 1.57 (s, 3 H, 
NCCH3), 1.55 [m, 3 H, NCH(CH3)2], 1.52 [d, 
3JHH = 7.2 Hz, 3 H, NCH(CH3)2], 
1.38 [d, 3JHH = 7.2 Hz, 3 H, NCH(CH3)2], 0.78 [d, 
3JHH = 7.2 Hz, 3 H, 
NCH(CH3)2], 0.67 [d, 
3JHH = 7.2 Hz, 3 H, NCH(CH3)2], 0.63 [d, 
3JHH = 7.2 Hz, 3 
H, NCH(CH3)2], 0.57 [d, 
3JHH = 7.2 Hz, 3 H, NCH(CH3)2], 0.08 [d, 
3JHH = 7.2 
Hz, 3 H, NCH(CH3)2] ppm. 
13C{1H} NMR (C6D6, 125 MHz): δ = 202.6 (s, 
NCN), 202.2 (s, NCN), 199.6 (s, NCN), 124.3, 121.9,121.5 (s, NCCH3), 60.0, 
52.1, 51.7, 51.0, 50.4, 49.3, [s, NCH(CH3)2], 25.2, 24.4, 23.6, 22.7, 22.3, 22.1, 
22.0, 21.0, 21.0, 20.8, 19.6 [s, NCH(CH3)2], 15.2 (s, RuCH2), 11.0, 10.9,10.8, 
10.7, 9.3, 9.2 (s, NCCH3) ppm. 
2.10.9 Synthesis of Ru(ItBu’)(PPh3)2Cl (2.10a/b). Ru(PPh3)3Cl2 (50 
mg, 0.05 mmol) and ItBu (56 mg, 0.31 mmol) were dissolved in benzene (5 
mL) in an ampoule fitted with a J. Youngs PTFE tap and stirred at 298 K for 
24 h. The solution was filtered, and the filtrate layered with hexane to form 
dark red crystals (10 mg, 23% yield). Analysis for C47H49N2P2ClRu (840.34) 
%: calcd. C 67.17, H 5.88, N 3.33; found C 67.03, H 5.70, N 3.46. 1H NMR 
(CD2Cl2, 500 MHz, 298 K): NMR data for 2.10a: δ = 7.65–6.85 (br., 30 H, 
C6H5), 6.93 (s, 1H, NCH), 6.71 (s, 1 H, NCH), 2.22 (t, 
3JHP = 8.7 Hz, 2 H, 
CH2), 0.78 (s, 9 H, CH3), 0.45 (s, 6 H, CH3) ppm. Selected* 
13C{1H} NMR 
(CD2Cl2, 100 MHz): δ = 186.5 (t, 
2JCP = 12 Hz, NCN), 118.1 (s, NCH) 117.7 
(s, NCH), 30.6 (s, CH3), 30.4 (s, CH3), 12.3 (s, RuCH2) ppm. *Resonances 
from the PPh3 ligands were not assigned. 
31P{1H} (CD2Cl2, 162 MHz): δ = 
40.3 (s) ppm. NMR data for 2.28b: δ = 62.0 (d, 2JPP = 23.8 Hz), 36.1 (d, 
2JPP = 
23.8 Hz) ppm. 
2.10.10 Synthesis of Ru(IEt2Me2’)(DMSO)3Cl (2.12). Ru(DMSO)4Cl2 
(100 mg, 0.21 mmol) and IEt2Me2 (94 mg, 0.67 mmol) were charged to an 
ampoule fitted with a J. Youngs PTFE tap, dissolved in toluene (5 mL), and 
then heated at 373 K for 7 h. The reaction mixture was filtered, and the 
precipitate washed with hexane (3 x 10 mL) and dried under vacuum to obtain 
a light brown powder (60 mg, 56% yield). Recrystallization from 
benzene/hexane afforded X-ray quality crystals. Analysis for 
C15H33N2O3ClS3Ru·0.8C6H6 (583.82) %: calcd C 40.73, H 6.52, N 4.79; found 
C 40.72 H 6.36, N 4.56. 1H NMR (C6D6, 500 MHz): δ = 4.53 (q, 
3JHH = 7.1Hz, 
2 H, CH2), 3.65 (dd, JHH = 9.2, JHH = 5.9 Hz, 2 H, CH2), 3.19 [s, 6 H, 
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SO(CH3)2], 3.15 [s, 6 H, SO(CH3)2], 2.55 [s, 6 H, SO(CH3)2], 1.91 (dd, JHH = 
9.2, JHH = 5.9 Hz, 2 H, CH2), 1.53 (s, 3 H, NCCH3), 1.52 (s, 3 H, NCCH3), 
1.31 (t, 3JHH = 7.1 Hz, 3 H, CH3) ppm. 
13C{1H} NMR (C6D6, 125 MHz): δ = 
180.7 (s, NCN), 124.0 (s, CH), 123.5 (s, CH), 50.0 (s, CH2), 45.2 (s, SOCH3), 
44.9 (s, SOCH3), 43.6 (s, SOCH3), 41.7 (s, CH3), 16.4 (s, CH3), 9.4 (s, CH3), 
8.4 (s, CH3), 4.7 (s, CH2) ppm. 
2.10.11 Synthesis of Ru(IEt2Me2’)(CO)3Cl (2.13). 
Ru(IEt2Me2’)(DMSO)3Cl (10 mg, 0.15 mmol) was charged into an ampoule 
with a J Youngs resealable tap and dissolved in C6H6 (5 mL) and 1 atm of CO 
added. The mixture was heated at 353 K for 2 h, cooled, freeze-pump-thaw 
degassed and the CO atmosphere replenished. The sample was heated 
again at 353 K for 48 h and then reduced to dryness. The residue was 
redissolved in a minimum amount of benzene (2 mL), whereupon crystals 
where formed within 2 h (Yield 30 mg, 53%). Analysis for C12H15N2O3ClRu 
(371.79) %: calcd. C 38.77, H 4.07, N 7.53; found C 38.86, H 4.12, N 7.44. 1H 
NMR (C6D6, 500 MHz): δ = 3.99 (ddd, JHH = 11.8, JHH = 8.0, JHH = 5.0 Hz, 1 
H, NCH2CH2Ru), 3.55 (dq, 
2JHH = 14.6, 
3JHH = 7.4 Hz, 1 H, NCH2CH3), 3.46 
(dt, JHH = 11.5, JHH = 7.5 Hz, 1 H, NCH2CH2Ru), 3.43 (m, 2 H, NCH2CH2Ru), 
2.50 (dt, JHH = 10.5, JHH = 7.5 Hz, 1 H, NCH2CH2Ru), 2.18 (ddd, JHH = 10.5, 
JHH = 8.0, JHH = 5.0 Hz, 1 H,NCH2CH2Ru), 1.27 (s, 3 H, NCCH3), 1.26 (s, 3 H, 
NCCH3), 0.99 (t, 
3JHH = 7.4Hz, 3 H, CH2CH3) ppm. 
13C{1H} NMR (C6D6, 125 
MHz): δ = 195.5 (s, CO: 13CO labelled sample, dd, 2JCC = 4.5, 
2JCC = 3.0 Hz), 
194.2 (s, CO: 13CO labelled sample, dd, 2JCC = 4.5 Hz, 
2JCC = 3.0 Hz), 189.7 
(s, CO: 13CO labelled sample, t, 2JCC = 3.0 Hz), 174.0 (s, NCN), 124.3 (s, 
NCCH3), 124.2 (s, NCCH3), 51.2 (s, NCH2), 43.2 (s, NCH2), 16.5 (s, CH3), 
15.5 (s, RuCH2), 9.2 (s, CH3), 8.4 (s, CH3) ppm. IR: ʋ = 2085 (s), 2027 (s), 
2000 (s) cm–1. [13CO labelled sample: ʋ = 2038 (s), 1982 (s), 1954 (s) cm–1]. 
2.10.12 Synthesis of Ru(IEt2Me2’)(PPh3)2Cl (2.15). 
Ru(IEt2Me2’)(DMSO)3Cl (10 mg, 0.02 mmol) and PPh3 (15 mg, 0.06 mmol) 
were charged into an NMR tube with a J Youngs resealable tap and dissolved 
in C6D6 . After 24 h a brown solid was observed. The solid was filtered, 
washed with hexane (1 x 2 mL) and vacuum dried. Yield: 8 mg (51%). 
Recrystallization from THF/hexane afforded X-ray quality crystals.  Analysis 
for C45H45N2P2ClRu: (812.32) %: calcd. C 66.54, H 5.58, N 3.45; found: C 
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66.41 H 5.46 N 3.40. 1H NMR (THF-d8, 500 MHz): δ = 7.62-7.14 (br., 30 H, 
PC6H5), 3.66 (q, 
3JHH = 7.3 Hz, 2 H, CH2), 2.12 (quint, 
3JP,H = 
3JHH = 8.0 Hz, 2 
H, RuCH2), 1.39 (s, 3 H, CH3), 0.47 (t, 
3JHH 7.0 Hz, 3 H, CH3) ppm. 
13C{1H} 
NMR (THF-d8, 125 MHz): δ = 184.8  (t, 
2JCP = 14 Hz, NCN), 137.5 (vt, |
2JCP + 
4JCP| = 16 Hz, PC6H5), 135.8 (s, PC6H5), 129.4 (s, PC6H5), 128.3 (vt, |
2JCP + 
4JCP| = 5 Hz, PC6H5), 124.3 (s, NCCH3), 123.2 (s, NCCH3), 48.7 (s, NCH2), 
42.8 (s, NCH2), 15.2 (s, CH3), 10.1 (s, CH3), 9.1 (s, CH3), -3.4 (t, JCP = 7.3 Hz, 
RuCH2) ppm. 
31P{1H} (THF-d8, 162 MHz): δ = 39.1 (s) ppm. 
2.10.13 Synthesis of Ru(IEt2Me2)4Cl2 (2.16). Ru(PPh3)3Cl2 (200 mg, 
0.21 mmol) and IEt2Me2 (126 mg, 0.83 mmol) were charged to an ampoule 
fitted with a J. Youngs PTFE tap, dissolved in toluene (5 mL) and stirred at 
298 K for 24 h. Undissolved solids were filtered off and hexane (5 mL) was 
added to the filtrate which was stirred for 30 min until a precipitate was 
observed. Small traces of light brown precipitate were filtered off. Filtrate was 
taken to dryness, red oily precipitate was observed. The precipitate was 
washed with hexane (10 mL), to afford a brown/ red powder (85 mg, 52% 
yield). Analysis for C36H64N8Cl2Ru (780.87) %: calcd. C 55.37, H 8.26, N 
14.34; found C 55.29, H 8.14, N 14.25. 1H NMR (C6D6, 500 MHz): δ  = 4.77 
(m, 2JHH = 13.6, 
3JHH = 7.1 Hz, 8 H, CH2CH3), 3.58 (m, 
2JHH = 13.6, 
3JHH = 7.1 
Hz, 8 H, CH2CH3), 1.96 (s, 24 H, CCH3), 1.35 (t, 3JHH = 7.1 Hz, 24 H, 
CH2CH3) ppm. 
13C{1H} NMR (C6D6, 125 MHz): δ = 198.8 (s, NCN), 124.8 (s, 
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3. INTRODUCTION  
The coordination and subsequent activation of B-H bonds has 
attracted considerable research interest since this process is involved in a 
number of environmentally important catalytic processes.1-4 Ammonia borane 
in particular has attracted significant interest as a hydrogen source in 
hydrogenation reactions since it possesses a high H2 content (19.6 wt %) and 
can be readily accessed.5-7 As thermal dehydrocoupling requires high kinetic 
barriers8, much research has focused on the release of H2, via the catalytic 
dehydrocoupling of amine- and phosphine- boranes as this reaction could be 
utilized in transfer hydrogen reactions (Scheme 3.1).9-12 The products 
resulting from the dehydrocoupling of amine- and phosphine- boranes are 




Scheme 3.1: General scheme for the catalytic dehydrocoupling of amine- and 
phosphine-boranes, where L = N or P and n = 1-3 
 
3.1 Coordination of Amine- and phosphine- boranes to metal centres 
 The mechanisms for the catalytic dehydrocoupling of amine- and 
phosphine-boranes are in most cases not fully understood. To overcome this, 
research into the coordination and subsequent activation of the substrates 
has been investigated. The dehydrocoupling of amine- and phosphine- 
boranes must proceed through a mechanism involving the activation of B-H 
and N-H bonds. However before this chemistry can take place, the substrate 
must approach and coordinate to the metal centre to form a σ–complex.18-21 
Much work has therefore concentrated on isolating examples of such species 
and then establishing their role in subsequent stoichiometric and catalytic 
steps. 
 Complexes formed from the η1-coordination of tertiary amine- and 
phosphine- borane adducts are well known, but they are unable to undergo 
dehydrogenation. Known as Shimoi complexes22-24, they have been isolated 
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across a range of metal centres from chromium and tungsten in group 6 to 
manganese and ruthenium in groups 7-8 (Figure 3.1).22-24 
 
Figure 3.1: A series of isolated Shimoi complexes 
 
η2-coordination of amine- and phosphine- boranes is more unusual, 
and in contrast to η1-coordination, an η2-bonding mode can arise if the metal 
centre is able to donate electron density into a vacant p orbital of boron. This 
back donation occurs via the ‘side-on’ orientation of the B-H bond.3 
 The reaction of the rhodium precursor 3.1 with H3B.NMeH2, 
H3B.NMe2H (dimethylamine borane, or DMAB) and H3B.NMe3 allowed Weller 
and co-workers to isolate a series of complexes (3.2) exhibiting both η1- and 
η2-coordination of the B-H bonds (Scheme 3.2). These complexes 
represented the first examples of bis(σ-amine-borane) coordination.25,26 
 
 





Following this chemistry, Sabo-Etienne reported the synthesis of the 
first ‘true’ bis (σ-B-H) aminoborane ruthenium complexes (Scheme 3.3). The 
reaction of Ru(PCy3)2(H)2(η
2-H2)2 3.3 with amine boranes in toluene took 
place at room temperature. After working up the reactions [Ru(η2;η2-H2B-





Scheme 3.3: Synthesis of ruthenium bis (σ-B-H) amine boranes complexes 
 
The coordination modes of amino boranes have been investigated by a 
number of groups. Weller and co-workers observed a [Rh-AB][BArF4] species 
which appeared to be the end product of the reaction between DMAB and 
[Rh(PiBu3)2][BAr
F
4], but was only analysed spectroscopically.
26 More recently 
Weller and Sabo-Etienne described isoelectronic ruthenium, rhodium, and 
iridium bis(σ-B-H) aminoborane complexes (Figure 3.2).27 NHC analogues of 










Although the formation of amine borane σ-complexes can be accepted 
as the initial step in a homogeneous reaction pathway, the mechanism by 
which these coordinated substrates undergo dehydrocoupling is uncertain. A 




Scheme 3.4: Reaction pathway for the dehydrocoupling of amine borane 
 
Computational studies have shown a number of possibilities regarding 
the coordination of the amine boranes, which revealed that it is dependent on 
the metal centre.28,29 Previous work on Cp2Ti derivatives support the stepwise 
intermolecular transfer of the NH and then the BH proton to the titantium 
centre.28 However an Ir-pincer complex 3.5 reported by Paul and co-workers, 
displayed a different route, which is thought to involve a concerted removal 





Scheme 3.5: Pathway for AB dehydrogenation employing 3.5 
 
Baker et al in 2007 reported a highly effective Ni-NHC catalyst for the 
dehydrocoupling of amine boranes and suggested that this could take place 




Scheme 3.6: Proposed initial steps of nickel-catalysed AB dehydrocoupling 
 
A year later Hall et al carried out DFT calculations on this Ni-NHC 
system30,31 which revealed possible auxiliary ligand involvement with transfer 
of an NH proton to the carbenic carbon followed by C-H activation and then 






Scheme 3.7: Dehydrocoupling of amine borane with Ni(NHC)2 via auxiliary 
ligand involvement 
 
3.2 Dehydrocoupling of amine and phosphine boranes 
The thermal dehydrocoupling of amine- and phosphine-boranes has 
been known since the 1950s.32 A range of products, such as cyclic amino 
boranes [R2B-NR’2]x (x= 2 or 3) and borazine [RB-NR’]3 derivatives, as well as 
phosphinoboranes [R2B-PR’2]3 were isolated and characterised. However, 
high temperatures were required in the absence of a catalyst.8,32,33 Hence, 
considerable efforts have been made to develop protocols for the catalytic 
dehydrocoupling of amine- and phosphine boranes which could allow access 
to these species under milder conditions. In 1999, Manners34 et al reported 
the first example of metal-catalysed dehydrocoupling, when [Rh(cod)(μ-Cl)]2 
3.6 was used at 0.3 mol % loading to dehydrocouple H3B.PPh2H, which 
generated the dimer 3.7 (Scheme 3.8). Soon after, the scope of this catalyst 
was extended to amine borane systems to give a range of cyclic dimers from 
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secondary amine-boranes and borazines from primary amine-boranes 
(Scheme 3.9).35,36 
 




Scheme 3.9: Rh catalysed dehydrocoupling of H3B.NRR’H 
 
Since these first examples of catalytic dehydrocoupling of amine- and 
phosphine boranes, the research in this field has expanded rapidly. Fagnou 
and co-workers explained that catalysts effective for the transfer 
hydrogenation of alcohols could function for the dehydrocoupling of amine 
boranes. A range of ruthenium catalysts were therefore investigated in the 
dehydrocoupling of ammonia boranes.37 A series of ruthenium 
[Ru(R2PCH2CH2NH2)2Cl2] complexes 3.8 (R = 
tBu, iPr, Ph) (Figure 3.3) based 
on previous work by Morris and co-workers38 proved to be effective catalysts. 
These complexes, although requiring activation by KOtBu, were able to 
release 1 equiv. H2 from H3B.NH3 within 5 min at room temperature at 




Figure 3.3: [Ru(R2PCH2CH2NH2)2Cl2] (R = 
tBu, iPr, Ph) catalysts prepared by 
Fagnou 
 
Schneider and co-workers employed the Ru-PNP complex 3.9 (0.1%) 
for dehydrocoupling of H3B.NMe2H. The complex was able to generate more 
than one equivalent of H2 at room temperature (Scheme 3.10), and because 
of the presence of the Ru-H ligand, no prior activation by base was 
required.39-41 
 
Scheme 3.10: Ru catalysed dehydrocoupling of DMAB 
 
3.3 Coordination and dehydrocoupling of amine and phosphine boranes 
by Ru(P-P)L derivatives 
In 2011, our group reported the reactivity of a series of ruthenium 
complexes containing the chelating phosphine ligands xanthphos and dppf 
towards amine- and phosphine-boranes.42 The coordination of amine-boranes 
to [Ru(xantphos)(PPh3)(OH2)H][BAr
F
4] 3.10, allowed the isolation and 
structural characterisation of the η1-B-H Shimoi-type complexes 
[Ru(xantphos)(PPh3)(H3B·NH2
tBu)H][BArF4] 3.11 and 
[Ru(xantphos)(PPh3)(H3B·NH3)H][BAr
F
4] 3.12. In contrast, the phosphine–
borane H3B.PHPh2 underwent P-B bond cleavage to yield the bis-secondary 
phosphine complex [Ru(xantphos)(PHPh2)2H][BPh4] 3.13 (Scheme 3.11). The 
cationic and neutral ruthenium dppf complexes [Ru(dppf)(η6-
C6H5PPh2)H][BAr
F
4], [Ru(dppf)(PPh3)HCl] and [Ru(ICy)(dppf)HCl] showed no 
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coordination of amine boranes, but catalysed the room temperature 
dehydrocoupling of DMAB to (H2B-NMe2)2, with the highest level of activity 
shown by the ICy complex. 
 




These ruthenium systems are all essentially based on RuL3 or [RuL4]
+ 
skeletons (L=P-,O-,CNHC donor). Hence, as a natural extension of these 
species, we were interested in establishing whether [Ru(NHC)4H]
+  would 
show simple coordination of amine boranes, or alternatively, catalytic 
dehydrocoupling reactivity. 
 
3.4 Reactivity of [Ru(NHC)4H]
+ with H2  
As mentioned in Chapter 2 (Scheme 2.6) our group reported the 
synthesis of a series of [Ru(NHC)4H]
+ species which reacted readily with 
small molecules (O2, N2 and H2) as a function of the size of the NHC 
substituents.43 Thus, H2 did not react with [Ru(I
iPr2Me2)4H]
+ (NB: anion 
typically BAr4
F) 2.1 due to the steric inhibition provided by the four bulky 
IiPr2Me2 ligands, whereas addition of 1 atm of H2 to THF-d8 solutions of 
[Ru(IMe4)4H]
+ 2.3 resulted in a colour change from purple to red and complete 
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conversion to the dihydrogen hydride complex [Ru(IMe4)4(ɳ
2-H2)H]
+ 3.14 at 




+ could only be characterised at low temperature 
by 1H NMR spectroscopy due to the lability of the dihydrogen ligand. 
 
Scheme 3.12: Reactivity of [Ru(NHC)4H]
+(anion is BAr4
F) towards H2 
 
3.5 Reactivity of [Ru(NHC)4H]
+ with amine boranes  
 In light of the inability of 2.1 to bind H2, it was unsurprising to find that 
addition of one equivalent of DMAB to a CD2Cl2 solution of the complex 
resulted in neither coordination nor dehydrocoupling of DMAB. In contrast to 
the reaction with 2.1, immediate evolution of H2 from a 1:1 mixture of 2.3 and 
DMAB was observed upon dissolution in THF-d8 with a resultant colour 
change of the solution from purple to colourless. The NMR tube containing 
the reaction mixture was left to stand at 298 K for 2 h to let the bubbling 
subside and 1H and 11B NMR spectra then recorded. The chemical shifts and 
relative integrals of product signals in the 1H NMR spectrum agree with those 
of 3.14, although whereas the Ru-H signal is sharp and the η2-H2 resonance 
is broad in the spectrum of 3.14, formation via reaction with DMAB swaps the 




Figure 3.4: Hydride region of the 1H NMR spectrum of a solution of 2.3 and 
DMAB (THF-d8, 298 K, 500 MHz) 
 
11B NMR spectroscopy (Figure 3.5) confirmed full conversion of DMAB 
to the dehydrocoupled products (Me2NBH2)2 at 5.3 ppm (A) and what is 




Figure 3.5: 11B NMR spectrum showing the products from the stoichiometric 
reaction of 2.3 and DMAB (THF-d8, 298 K, 160 MHz) *denotes BAr
F
4 














Scheme 3.13: Dehydrocoupling of DMAB using 2.3 
 
It is not clear as to why the appearance of the hydride and dihydrogen 
signals of 3.14 change depending upon generation from H2 or DMAB. To 
provide further evidence for [Ru(NHC)4H]
+ species reacting with amine 
boranes via dehydrogenation and H2 coordination, the IEt2Me2 analogue 2.2 
was treated with DMAB. Although the room temperature 1H NMR spectrum 
showed no signals for H2 coordination, cooling to 232 K revealed a broad 
signal at -3.9 ppm and a sharper signal at -8.6 ppm in a 2:1 ratio. These 
chemical shifts, appearance and temperature at which the signals are seen 
match the repeated observations for H2 addition to 2.2. 
There is clearly a difference in reactivity between 2.3 and the Ru- 
xantphos and dppf complexes (3.11-3.13), as the former now dehydrogenate 
and bind the resulting H2 rather than either coordinate DMAB or catalyse 
dehydrogenative loss of H2. The ability of the [Ru(NHC)4H]
+ species to 
remove H2 and retain it suggested that transfer of the H2 to an organic 
substrate might be possible.44-46 
 
3.6 Catalytic dehydrogenation and transfer hydrogenation with amine 
boranes 
Initial experiments revealed that [Ru(IMe4)4H]
+ (2.3) was unable to 
bring about the direct hydrogenation of organic substrates with H2. Thus, 
addition of acetophenone to a THF-d8 solution of 2.3 (10 mol %) under 1 atm 
H2 resulted in no conversion to the corresponding alcohol even upon heating 
to 353 K for 2 h. 
 However, when DMAB was used as the hydrogen source rather than 
H2, 77% conversion to 1-phenylethanol was measured by 
1H NMR 
spectroscopy after 1 h. The 11B NMR spectrum (Figure 3.6) showed total 
disappearance of the DMAB resonance at -15.5 ppm and appearance of 
[Me2N-BH2]2 at 5.3 ppm. The identity of a second product signal at 28.8 ppm 
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was initially believed to be due to (Me2N)2BH as noted on p.11, however, 
closer analysis of the 1H NMR spectrum showed doublet and quartet 
resonances for the alcohol product but no OH proton. At present, we believe 
that this could indicate formation of a species such as that shown in Scheme 











Figure 3.6: 11B NMR spectrum illustrating dehydrocoupling of DMAB by 2.3 
















Interestingly, when iPrOH was used as the hydrogen source instead of 
DMAB for the [Ru(IMe4)4H]
+ catalysed reduction of acetophenone, only 35% 
conversion to alcohol was achieved in 2 h at 343 K. Further heating for an 
additional 48 h resulted in only a slight increase to 41% most likely due to 
degradation of the Ru catalyst, as evidenced by change of colour of the 




Scheme 3.15: Transfer hydrogenation of acetophenone utilizing iPrOH as H2 
source 
 
3.7 Optimisation of Ru catalysed transfer hydrogenation of ketones by 
amine boranes 
There are many examples of commonly used amine boranes, five of 
which were investigated to identify the most suitable one to carry out the 
















Amine/Phosphine borane Time (h) Conversion (%) of 
acetophenone 











H3B.NMe2H 1 77 
Ph2PH:BH3 1 <1 
Reaction conditions: acetophenone (136 mmol), catalyst (1.36 mmol), 
amine/phosphine borane (136 mmol), THF-d8 (1 mL). 
 
Table 3.1: Amine- and phosphine borane screening for their use in catalytic 
transfer hydrogenation 
 
Table 3.1 summarises the results on the use of alternative amine 
boranes to DMAB. Both H3B.NH3 and morpholine borane brought about 
comparable conversions whereas the bulkier tBuNH2BH3 was essentially 
unreactive. The same applied to the secondary phosphine borane Ph2PHBH3. 
Although H3B.NH3 displayed better conversion of acetophenone by 
1H NMR 
spectroscopy, DMAB was selected for the catalytic transfer hydrogenation 







3.8 Optimised temperature for catalytic transfer hydrogenation of 
acetophenone to 1-phenyl ethanol 
At 298 K, the transfer hydrogenation reaction was quite slow and only 
15% conversion of acetophenone was observed after 1 h with 1 mol % 2.3 
and DMAB. Increasing the temperature to 343 K gave 85% conversion along 
with complete consumption of DMAB. When the reaction was repeated at 343 
K but in the absence of any 2.3, 60% conversion of ketone was observed. 
This revealed that a background reaction occurred at 343 K and in order to 
overcome this, the reaction temperature was lowered to 323 K. At this 
temperature, there was no reaction observed over 1 h in the absence of the 
Ru complex and therefore all subsequent catalytic runs were carried out at 
the optimised temperature of 323 K (Table 3.2). 
 
 
Temperature (K) Time (h) Conversion (%) of acetophenone  
298 1 15 
343 1 85 
343 b 1 60 
323 1 77 
323 b 1 0 
12 52 
aacetophenone (136 mmol), 2.3 (1.36 mmol), DMAB (136 mmol), THF-d8 
(1 mL), 323 K, 1 h. breaction performed in the absence of 2.3 
 








3.9 Influence of NHC and solvent on transfer hydrogenation 
As shown in Table 3.3, 2.3 proved to be the most active catalyst for 
conversion of acetophenone. The IEt2Me2 analogue showed comparable 
reactivity whereas the IiPr2Me2, was totally inactive. A preliminary study 




Catalyst Solvent Conversion (%) of acetophenone 
2.3 THF-d8 77 
2.2 THF-d8 70 
2.1 THF-d8 <1 
2.3 C6D6 49 
aacetophenone (136 mmol), catalyst (1.36 mmol), DMAB (136 mmol), 
solvent (1 mL), 323 K, 1 h 
 
Table 3.3: Solvent and catalyst screening 
  
3.10 Transfer hydrogenation of nitriles 
Due to their importance in pharmaceuticals and material science, 
amines constitute a widely used class of chemicals in industry.47-49 The 
reduction of nitriles is usually a straightforward route to produce amines, 
however, conventional stoichiometric reduction methods involve the use of 
strong reducing agents such as LiAlH4. Nowadays, the hydrogenation of 
nitriles is typically performed using metal catalysts which include a series of 
ruthenium complexes containing phosphine ligands, but these require drastic 
conditions such as high temperatures 50-54 Milder conditions for the 
hydrogenation of aromatic nitriles were found by applying ruthenium/carbene 
catalysts.48 These findings led us to investigate the hydrogenation of a 
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selection of nitriles using 2.3 and see whether analogous reductions could be 
performed. 
 An NMR tube was charged with a THF-d8 solution of 2.3 (1 mol %), 
nitrile and 2-6 equiv. DMAB. In the case of benzonitrile and p-tolylnitrile, 
heating for 1 h at 323 K with only 2 equiv. of DMAB resulted in complete 
conversion to [Me2N.BH2]2 and yet again a higher frequency 
11B signal at 28.8 
ppm. Butyronitrile proved harder to reduce and a total of 6 equiv. DMAB for 5 




R Time Conversion (%) to amine Isolated yield (%)  
of amine 
p-MeC6H4 1 h 100 75 
C6H5 1 h 100 68 
  
nPr 5 days 87  
a nitrile (136 mmol), 2.3 (1.36 mmol), DMAB (272 mmol), THF-d8 (1 mL), 
323 K, 1 h 
 
Table 3.4: [Ru(IMe4)4H]
+ catalysed transfer hydrogenation reaction of nitriles 
 
Table 3.4 shows conversions to amine based on the aromatic signals 
of the products. However, the NH and CH2 signals were harder to assign, 
raising the possibility again that there is some interaction of the amine with a 
boron containing species. To overcome this uncertainty, the amines were 
isolated as the hydrochloride salts55 as shown in Scheme 3.16. As expected, 








+ catalysed transfer hydrogenation reaction of 
nitriles and conversion to the hydrochloride salts 
 
Further studies on the catalysis with [Ru(IMe4)4H]
+ of polar substrates 
(ketones, nitriles) with DMAB are needed to definitely confirm product 
identifications. Moreover, in the case of nitrile reduction, establishing the role 
of imines as intermediates will be necessary. 
 
3.11 Transfer hydrogenation of alkynes and alkenes 
Catalytic C–H bond making and breaking is one of the most useful 
synthetic applications of organometallic chemistry.56,57 Hydrogenation of 
alkenes is classically performed by direct hydrogenation using molecular 
H2.
58-60
 In contrast transfer hydrogenation of alkenes requires H2 from a 
hydrogen source. However both methods involve, in most cases, a metal-
dihydride species, or a monohydride complex when a ligand is assisting the 
H2 or hydrogen donor activation. 
A NMR tube containing THF-d8 was charged with 1 mol % 2.3, alkene 
and 1 equiv. DMAB and heated at 323 K for 1 h. For both styrene and 
trimethylvinylsilane, 1H NMR spectroscopy revealed formation of the 
corresponding reduction products. Conversions to the alkane products are 










R Time (h) Conversion (%) of alkane 
Ph 1 94 
Me3Si 1 100 
a1.36 mmol of catalyst, 136 mmol of DMAB and 136 mmol of selected 
alkene in THF-d8 and heated at 323 K. 
 
Table 3.5: [Ru(IMe4)4H]
+ catalysed transfer hydrogenation of alkenes 
 
These conversions are significantly greater than those reported by 
Albrecht and co-workers, they used the Ru catalyst 3.15 (Figure 3.6),  iPrOH 
as the H2 source and only obtained a moderate 30% yield conversion to 
ethylbenzene over 12 h at 353 K.58 
 
Figure 3.6: Ru-NHC complex employed in transfer hydrogenation reactions 
reported by Albrecht et al 
  
 A series of alkynes were also tested to see if they hydrogenated to the 
corresponding alkenes in the presence of 2.3 and DMAB. 
Trimethylsilylacetylene and phenylacetylene were both investigated; a similar 
procedure was followed as for the alkenes described above, but at 343 K and 
12 h reaction time. At 323 K, very little conversion was observed after 1 h. 
Raising the temperature to 343 K proved to bring about reasonable 
conversions, perhaps due to tighter bonding of alkynes as opposed to 
alkenes. Interestingly in both cases, styrene and trimethylvinylsilane were 
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observed in the 1H NMR spectrum after 1 h, however with time, these alkenes 
were further hydrogenated to generate the corresponding alkanes (Table 3.6).  
 
 
Substrate Time (h) Conversion (%) to alkane 
Ph 12 75 
Me3Si 12 100 
a1.36 mmol of 2.3, 136 mmol of DMAB and 136 mmol alkene, THF-d8, 343 K. 
 
Table 3.6: [Ru(IMe4)4H]
+ catalysed transfer hydrogenation of alkynes 
 
 Hydrogenation reactions of internal alkynes took a different pathway. 
An NMR tube containing THF-d8, 2.3, diphenylacetylene and DMAB was 
heated and the 1H NMR spectrum monitored after 1 h at 343 K. Interestingly, 
signals for both cis- and trans-stilbene were present in a 1:1.5 ratio, along 
with signals for dibenzyl (Scheme 3.17). Heating the reaction for an additional 
12 h and monitoring the 1H NMR spectrum again revealed the presence of 
only dibenzyl and trace amounts of trans-stilbene. 
 
Scheme 3.17: Catalytic transfer hydrogenation of PhC≡CPh 
  
 To probe the isomerisation/hydrogenation steps in more detail, both 
cis- and trans-stilbene were separately hydrogenated with 2.3 and DMAB at 
323 K, and the reactions monitored by 1H NMR spectroscopy. After 1 h, trans-
stilbene was hydrogenated to dibenzyl in 45% yield (Scheme 3.18), whereas 
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cis-stilbene first isomerised to the trans-isomer, which then underwent 
hydrogenation (Scheme 3.19). 
 
 
Scheme 3.18: Hydrogenation of trans-stilbene 
 
 
Scheme 3.19: Isomerisation of cis-stilbene followed by hydrogenation of 
trans-stilbene 
 
 The hydrogenation of cis-stilbene was followed spectroscopically over 
12 h as shown in Figure 3.7. The 1H NMR spectrum displays the reactivity of 
cis-stilbene towards DMAB and 2.3, which isomerises to the more stable 
trans isomer rapidly within 1 h. With time, the amount of cis stilbene 
decreases and after 12 h the substrate is fully consumed. 
 The same catalytic procedure was followed for MeO2CC≡CCO2Me and 
the 1H NMR spectrum recorded after 1 h. During this time, the alkyne had 
been hydrogenated and both dimethyl fumarate and dimethyl maleate were 
formed along with MeO2CCH2CH2CO2Me (Scheme 3.20). Heating the 

















+ catalysed transfer hydrogenation of 
MeO2CC≡CCO2Me 
 
 To understand the process in detail, each alkene was reacted 
separately with DMAB in the presence of 1 mol % 2.3 at 323 K for 1 h. The 1H 
NMR spectrum of the dimethyl fumarate reaction showed complete 
conversion to the alkane. In the case of dimethyl maleate, isomerisation to the 





























Figure 3.8: 1H NMR spectra showing the ruthenium induced isomerisation of 
dimethyl maleate to dimethyl fumarate along with hydrogenation to alkane 
(THF-d8, 298 K, 500MHz) 
 
 The catalytic transfer hydrogenation of cis-2-hexene showed an 
identical isomerisation to the trans isomer before hydrogenation to hexane 
took place. No reaction took place in the absence of the Ru complex (Scheme 
3.21). 
Scheme 3.21: [Ru(IMe4)4H]












 The catalytic transfer hydrogenation of an aromatic ester was briefly 
investigated. No reaction was observed for 4-methyl-4-methylbenzoate in the 
presence of DMAB and 1 mol % 2.3 over 1 h at 323 K (Scheme 3.22). 
Heating the reaction mixture for a total 12 h showed no change and only 
displayed the starting materials. 
 
 
Scheme 3.22: Attempted catalytic transfer hydrogenation of methyl-4 
methylbenzoate 
 
3.12 Comment on catalytic activity of other reported examples 
employing amine boranes 
Although many groups have reported catalytic transfer hydrogenation 
reactions of organic substrates, many of them were only described for 
selected substrates. Our system appears to be able to hydrogenate a range 
of substrates which suggest it maybe more versatile. Selected examples are 
described below which can be compared with our catalytic system. 
An early example by Manners and co-workers reported the use of 
rhodium colloids for the catalytic reduction of alkenes with DMAB.44 During 
the course of the catalytic dehydrocoupling of Me2NHBH3 with 3.6, (Scheme 
3.23) the formation of small quantities of cyclooctane was consistently 
observed in the reaction mixtures. This presumably resulted from the catalytic 
hydrogenation of 1,5 cyclooctadiene, which was present in solution upon 
reduction of the precatalyst to Rh colloids. It was apparent that the active 
catalyst for the dehydrocoupling reaction also acted as a catalyst for alkene 
hydrogenation, without the necessity for an external H2 source. To test for 
quantitative hydrogenation of alkenes via this route, stoichiometric reactions 
were performed using commercially available DMAB and cyclohexene in the 
presence of colloidal Rh as a catalyst.44 
A typical experiment consisted of 1 equiv. DMAB, 1 equiv. cyclohexene 
and 2 mol % 3.6 dissolved in C6D6 and after 8 h the hydrogenation reaction 
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had reached 38% conversion. A blank reaction between DMAB and 







Scheme 3.23: Rhodium colloids for the catalytic reduction of alkenes with 
DMAB 
 
In 2007 Berke and co-workers reported a series of Re complexes 
which could dehydrogenate amine boranes and then perform transfer 
hydrogenation reactions.45,46 Equal amounts of DMAB and 1-octene were 
mixed with 1 mol % of Re(PiPr3)2(NO)H2Br2 (3.16) in dioxane. After 1 h at 353 
K, 93% conversion of 1-octene to octane was reported (Scheme 3.24).45,46 
 
 
Scheme 3.24: Rhenium catalysed transfer hydrogenation reaction of alkenes 
with DMAB as source of H2
45 
 
More recently, Cazin and co-workers described the use of the Pd-NHC 
complex Pd(IPr)(PCy3) 3.17 as an active catalyst in the dehydrocoupling of 
amine boranes and the subsequent hydrogenation of unsaturated 
compounds.62 The Pd(0) complex 3.17 was shown to dehydrogenate 




  Scheme 3.25: Formation of the dihydride complex 3.18 by dehydrogenation 
of morpholine borane 
 
This chemistry encouraged the group to see whether these complexes 
could react with H3B.NH3, generate H2 and subsequently use this H2 to 
hydrogenate C-C multiple bonds. The best catalytic activity for reducing 
alkynes/alkenes was observed with Pd(SiPr)(PCy3) 3.19 in 
iPrOH with low 




Scheme 3.26: Pd catalysed hydrogenation using H3B.NH3
 
 
Many groups have reported the hydrogenation of a series of organic 
substrates, with63 and without47-49,56,58,64 amine boranes as the hydrogen 
source but some of the effective conversions have emerged with the use of 
amine boranes.58,62,65 Our results showed DMAB to be an excellent hydrogen 
source in the catalytic transfer hydrogenation reactions of ketones, nitriles, 
alkynes and alkenes, which took place under mild conditions. Interestingly 2.3 
also showed evidence for alkene isomerisation during the hydrogenation 
reactions of internal alkynes and selected alkenes. 
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Since the exact catalytic fragment in our system is unknown, the 
mechanism in which the transfer hydrogenations reactions proceed can only 
be postulated at this time. Experiments should be carried out in the future to 
help elucidate the mechanism, one of which includes the addition of 
deuterated reagents such as Me2DNBH3 and Me2HNBD3 to determine for 
polar reagents which way round H-D addition occurs. 
 
3.13 CHAPTER SUMMARY 
The catalytic transfer hydrogenation of ketones, nitriles, alkenes and 
alkynes using 2.3 and DMAB has been described at low catalyst loadings, 
moderate temperatures and in short reaction times of 1 h to bring about good 
conversions. The results obtained are at least comparable with those reported 
in the literature which typically require more drastic conditions to achieve 
reasonable yields.  
The true catalytic intermediate remains to be established. The 
stoichiometric reduction of DMAB by both [Ru(IMe4)4H]
+ and [Ru(IEt2Me2)4H]
+ 
leads to formation of what appears to be the corresponding dihydrogen 
hydride complexes [Ru(NHC)4(ɳ
2-H2)H]
+, although whether those lie off the 
catalytic cycle or mediate H2 transfer from amine boranes will be the subject 
of future studies. 
 
3.14 Experimental 
3.14.1 General methods 
All manipulations were carried out by using standard Schlenk, high vacuum 
and glovebox techniques with dried and degassed solvents. Deuterated 
solvents (Sigma–Aldrich) were vacuum transferred from potassium (C6D6 and 
THF-d8). Hydrogen (BOC, 99.9 %) was used as received. NMR spectra were 
recorded at 298 K on Bruker Avance 500 and 400 MHz NMR spectrometers 
and referenced as follows for 1H spectra: benzene (1H, δ = 7.16 ppm), 
tetrahydrofuran (1H, δ = 3.58 ppm). 11B{1H} NMR chemical shifts were 
referenced to BF3.OEt2 (δ = 0.0 ppm). Ammonia borane, morpholine borane, 
dimethylamine borane, tert-butyl borane and phosphine borane (Sigma 
Aldrich) were all used as received. All organic substrates; acetophenone, 
fluoroacetophenone, 4-methyl acetophenone, 2-methyl acetophenone, 4 
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methoxyacetophenone, pinacolone, phenylacetylene, styrene, 
diphenylacetylene, trans-stilbene, cis-stilbene, p-tolunitrile, benzonitrile, 
trimethylsilylacetylene, trimethylvinylsilane, dimethyl acetylenecarboxylate, 
dimethyl fumarate, dimethyl maleate, butyronitrile, N-benzylideneanilene, 
methyl-4 methylbenzoate and cis-2-hexene (Sigma Aldrich) were used as 
received.  
3.14.2 Synthesis of 1,3,4,5-tetramethylimidazole-2-ylidene (IMe4)
66 
1,3,4,5-tetramethylimidazole-2-(3H)-thione (1.80 g, 10.0 mmol), THF (60 mL) 
and chopped pieces of potassium (1.00 g, 25.6 mmol) were refluxed for 4 h. 
After cooling, the suspension was filtered through celite and the filtrate 
reduced to dryness which afforded an orange solid (1.08 g, 73% yield). NMR 
data were in agreement with the literature. 
3.14.3 Synthesis of [Ru(IMe4)4H][BAr
F
4]
43 [Ru(PPh3)3HCl] (300 mg, 
0.32 mmol) and IMe4 (322 mg, 2.60 mmol) were heated at 343 K in THF (5 
mL) for 12 h in an ampoule fitted with a J. Youngs PTFE valve. The reaction 
mixture was cooled to room temperature and the yellow solid formed isolated 
by cannula filtration, washed with hexane (2 x 5 mL) and dried under vacuum. 
The resulting solid (140 mg) and Na[BArF4] (196 mg) were stirred at room 
temperature in toluene (10 mL) for 3 h. The suspension was cannula filtered 
and then the filtrate was reduced to dryness to afford a purple solid and dried 
under vacuum. (299 mg, 63% yield). NMR data were in agreement with the 
literature.43 
 3.14.4 General procedure for catalytic transfer hydrogenation of 
ketones and alkenes [Ru(IMe4)4H][BAr
F
4] (2 mg, 1.36 mmol), ketone (136 
mmol) and DMAB (8 mg, 136 mmol) were heated at 323 K in THF-d8 in an 
NMR tube fitted with a J. Youngs PTFE valve. 
 3.14.5 General procedure for catalytic transfer hydrogenation of 
nitriles [Ru(IMe4)4H][BAr
F
4] (2 mg, 1.36 mmol), nitrile (136 mmol) and DMAB 
(16 mg, 272 mmol) were heated at 323 K in THF-d8 in an NMR tube fitted with 
a J. Youngs PTFE valve. 
 3.14.6 General procedure for catalytic transfer hydrogenation of 
alkynes [Ru(IMe4)4H][BAr
F
4] (2 mg, 1.36 mmol), alkyne (136 mmol) and 
DMAB (8 mg, 136 mmol) were heated at 343 K in THF-d8 in an NMR tube 
fitted with a J. Youngs PTFE valve. 
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 3.14.7 Isolation of hydrochloride amine salts55 [Ru(IMe4)4H][BAr
F
4] 
(30 mg, 20.0 mmol), benzonitrile (211 μL, 2.05 mol) and DMAB (242 mg, 4.10 
mol) were heated at 323 K in THF-d8 in an ampoule fitted with a J. Youngs 
PTFE valve and then cooled to room temperature. The reaction mixture was 
diluted with hexane (250 mL) and washed with NaOH solution (1M, 2 x 50 
mL). The organic layer was dried (MgSO4) and then HCl in diethyl ether (1M, 
1 equiv.) was added. A precipitate was formed which was collected by 
reduced pressure filtration. The precipitate was dissolved in minimum amount 
of ethanol followed by ethyl acetate and left to crystallise. Yield 68%. NMR 
data were in agreement with the literature.55 The same procedure was used 
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4.1 Ring expanded N-heterocyclic carbenes (RE-NHCs) 
Since the isolation of the first free N-heterocyclic carbenes (NHCs), 
there have been plenty of new developments with respect to the types and 
sizes of carbenes that may be synthesised. While the coordination of NHCs 
towards various metals have been reported, most cases have involved five-
membered ring NHCs.1,2 Only very recently have studies on six- and seven- 
membered-ring NHCs been reported.3-13 These so-called ring expanded N-
heterocyclic carbenes (RE-NHCs) are very basic and show unique structural 
features.14 They have been shown to exhibit much wider N-C-N angles than 
their five-membered counterparts which results in an increase in the steric 
hindrance around the metal core. Placing the N-substituents in close 
proximity to a metal centre not only blocks specific coordination sites, but may 
also facilitate intramolecular C-H activation of the carbene ligand. 
 
4.2 Synthesis of RE-NHCs 
The synthesis of cyclic amidinium salts bearing N-alkyl or aryl 
substituents has been achieved by cyclization of substituted diamines. The 
reaction of N,N’-disubstituted diamines with triethylorthoformate in the 
presence of ammonium hexafluorophosphate yields the cyclic amidinium salts 
(Scheme 4.1).15 
 
Scheme 4.1: Synthesis of cyclic amidinium salts via diamines 
 
In 2006 Bertrand published a different process for the preparation of 
these carbene salts. 1,3-dibromopropane was added to a THF solution of the 
lithium salt of the formamidine and, after stirring overnight at room 






Scheme 4.2: Synthesis of carbene salts via formamidines 
 
Soon after Cavell and co-workers modified Bertrand’s procedure and 
reported a more efficient route to synthesising several six- and seven 
membered ring carbenes. The modified synthetic route allowed the reaction 
to be carried out on large scales, under aerobic conditions and to afford high 
yields for a series of ring sizes and N-substituents (Scheme 4.3).17 
 
Scheme 4.3: Modified route to carbene salts via formamidines 
 
As already mentioned, the preparation of cyclic amidinium salts with a 
saturated backbone is usually achieved via condensation of a N,N’- 
disubstituted α,ω-alkanediamine and an inorganic ammonium salt with triethyl 
orthoester in the presence of formic acid.15 Although numerous variations 
have been made on this experimental procedure18, they all still require 
heating under reflux for prolonged times ranging between a few hours and 
few days to reach desirable yields. In 2008 Delaude and co-workers reported 
the facile microwave-assisted synthesis of cyclic amidinium salts (Scheme 
4.4).19 Interestingly, this method was not that efficient for salts bearing N-Ar 







Scheme 4.4: Synthesis of RE-NHC precursors using microwaves 
 
4.3 Group 8 and 9 transition metal complexes bearing RE-NHCs 
In 2009 our group reported the reactivity of the six-membered NHCs 6-
Mes and 6-iPr towards the ruthenium hydride halide complexes 
Ru(PPh3)3(CO)HF and Ru(PPh3)3(CO)HCl.
4 Ru(PPh3)3(CO)HF reacted with 
two equiv. of 6-Mes to afford the mono-carbene product Ru(6-
Mes)(PPh3)(CO)HF 4.1. However, with the addition of Et3SiH, the C-H 
activated complex Ru(6-Mes’)(PPh3)(CO)H 4.2 was generated (Scheme 4.5).
4 
 
Scheme 4.5: Synthesis of Ru 6-Mes complexes 
 
The reaction of 6-Mes with the hydride chloride complex 
Ru(PPh3)3(CO)HCl was quite different from that of the hydride fluoride 
precursor as it yielded the C-H activated complex directly in the absence of 
Et3SiH, along with small amounts of two other products, Ru(6-
Mes)(PPh3)(CO)HCl and Ru(PPh3)3(CO)H2. To prevent the formation of a 
mixture of products, the ratio of 6-Mes was lowered; Ru(6-
Mes)(PPh3)(CO)HCl was now formed as the major product with the C-H 
activated complex as the minor product. Treatment of Ru(PPh3)3(CO)HCl with 
6 equiv. of 6-iPr gave fewer products and directly afforded complete 






Scheme 4.6: Synthesis of a ruthenium 6-iPr complex 
 
In 2009 Stahl and co-workers reported the addition of 4.4 to 
[Rh(cod)Cl]2 in THF which afforded the air and moisture stable complex 4.5. 
This was readily converted to the corresponding Rh-dicarbonyl complex 4.6 in 




Scheme 4.7: Synthesis of Rh complexes bearing 7-NHCs 
 
Cavell’s group generated new, saturated seven-membered ring 
carbene salts (4.7 and 4.8) and reported the coordination of the free carbene 





Figure 4.1: Examples of new saturated 7-NHC salts 
 
Rh(I) and Ir(I) complexes of 4.7 were successfully isolated in the form 
of 4.9 and 4.10 (Scheme 4.8), however only the Ir complex 4.11 of the 
backbone substituted carbene could be synthesised (Scheme 4.9).21 
 
Scheme 4.8: Rh and Ir complexes bearing 1,3-dicyclohexyl-1,3-diazepan-2-
ylidene 
 
The in situ deprotonation of 4.8 with LiN[(CH3)2CH]2 followed by 
addition of [Ir(cod)Cl]2 afforded complex 4.11, in which halogen exchange had 
taken place between the metal chloride and the LiBr present in solution. Due 
to low yields of 4.8, and the unstable nature of the corresponding carbene, 
further studies with other metals were not pursued (Scheme 4.9).21 
 
Scheme 4.9: Synthesis of an Ir-NHC complex 
 
The first examples with Rh and seven membered NHCs bearing 
aromatic substituents were reported by Cavell in 2009.3 Treatment of 
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[Rh(cod)Cl]2 with 2 equiv. of 7-Mes or 7-xyl afforded the complexes Rh(7-
Mes)(cod)Cl 4.12 and Rh(7-xyl)(cod)Cl 4.13 as yellow, air-stable solids 
(Scheme 4.10). The corresponding 7-oTol complex was generated by in situ 
deprotonation of 7-oTol.HBF4 with KN(SiMe3)2 followed by subsequent 
reaction with [Rh(cod)Cl]2. Attempts to synthesise a stable Rh 7-dipp complex 
failed, due to the steric demands imposed by the bulky isopropyl 
substituents.3 
 
Scheme 4.10: Synthesis of Rh complexes bearing 7-Mes and 7-xyl 
 
In 2009 Cavell and co-workers reported Rh and Ir complexes of RE-
NHCs with methoxy-functionalised substituents (Scheme 4.11). The catalytic 
activity of these complexes was tested in the direct hydrogenation of a range 
of substrates, including 1-cyclooctene and 2-methyl styrene which revealed 
enhanced activity under mild conditions of temperature and hydrogen 
pressure. Some of these results are shown in Table 4.1.22 
 
Scheme 4.11: Rh and Ir complexes bearing methoxy functionalised NHCs 
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Substrate Complex Conversion (%) 
1-cyclooctene 4.14a/c >99 
 4.15a/b >99 
2-methyl styrene 4.14a 99 
 4.14b 97 
1-methyl cyclohexene 4.14a/b 81-89 
 4.14c/d 31-46 
Reaction conditions: 24 h, 298 K, 1 mol % catalyst, 3.5 atm (H2), solvent 
(EtOH), (5 mL), 1 mmol of alkene 
Table 4.1 
 
4.4 Group 10 and 11 transition metal complexes bearing RE-NHCs 
The reactivity of 6-Mes with Ni(cod)2 afforded the C-H activated 6-Mes 
nickel(II) complex 4.16, whereas the novel three co-ordinate Ni(I) species 
Ni(6-Mes)(PPh3)Br 4.17 was generated if the reaction was carried out in the 
presence of Ni(PPh3)2Br2 (Scheme 4.12).
23 
 
Scheme 4.12: Synthesis of 6-Mes nickel complexes 
 
NHC Nickel complexes have been used in a wide range of catalytic 
transformations including cross-coupling reactions and cycloadditions.8,24-28 
Complexes bearing five membered ring carbenes with bulky N-substituents 
are usually used for catalysis but, in most cases, the nature of the active 
nickel–NHC species is unclear as generation typically takes place in-situ. The 
Ni(II) species 4.16 proved to be susceptible to facile decomposition upon mild 
heating therefore limiting any catalytic potential. In contrast, the three co-
ordinate Ni(I) species 4.17 proved to be a useful precursor for catalytic 
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hydrodehalogenation and cross-coupling reactions,29 showing activity even 
towards aryl flurorides.23  
After reporting examples of three-co-ordinate Ni(I) complexes in 2010, 
our group investigated the preparation of a series of well-defined Ni(I) 
complexes bearing a set of easily modified NHC ligands. The preparation of a 
series of Ni(NHC)(PPh3)Br complexes 4.18-4.21 incorporating six-, seven- 
and eight- membered RE-NHC ligands were reported using the 
comproportionation reaction of Ni(0) and Ni(II) precursors (Ni(cod)2 and 





Figure 4.2: Examples of Ni(NHC)(PPh3)Br complexes 
 
The amidinium salt 4.22 was a novel NHC precursor which led Stahl 
and co-workers to focus on the preparation of NHC-coordinated Pd(II) 
complexes. This was easily carried out by deprotonating 4.22 with KOtBu to 
give 4.4. In the presence of a THF solution of [Pd(allyl)2Cl]2, this generated 




Scheme 4.13: Synthesis of a Pd-NHC complex bearing 7-NHC 
 
After reporting the first example of a seven membered NHC ligand for 
transition metals, Stahl went on to develop this class of ligands by varying the 
N-substituents and attempted to synthesise new Ag(I) and Pd(II) complexes. 
In the case of the neopentyl derivative 4.24 it was found that addition of 





Scheme 4.14: Synthesis of Ag-NHC complex 
 
As already mentioned, Cavell reported in 2008 a more efficient route to 
the synthesis of several six- and seven membered carbenes, which led to the 
synthesis of a number of silver complexes. As shown in Scheme 4.15, 
reaction of the amidinium salts with a slight excess of Ag2O afforded the 





Scheme 4.15: Silver complexes bearing six and seven membered ring NHCs 
 
All the examples described so far with RE-NHCs have produced mono-
carbene metal complexes. In 2004, Buchmeiser and co-workers reported 
examples of bis-NHC complexes of Ag 4.26 and Pd 4.27 (Scheme 4.16). The 
latter was shown to be a highly active catalyst for Heck reactions of aryl 
bromides and chlorides.32 
 
Scheme 4.16: Synthesis of bis-NHC Ag and Pd complexes 
 
More recently Cavell reported the synthesis and characterization of 
novel six- and seven membered expanded ring NHC complexes of the 
general formula Au(NHC)Cl 4.28a-d. The six- and seven-membered NHC 
complexes were synthesised in a facile method via the addition of the desired 
free carbene (generated in situ) to a stirred THF suspension of the 







Scheme 4.17: Synthesis of Au-NHC complexes 
 
In 2012, McQaude reported the synthesis of the Cu-6-NHC species 
4.30 in good yields. The alkoxy adduct 4.29 was considered to be a good 
precursor based on the observation that the epimeric mixture equilibrates to a 
single isomer in dichloromethane, suggesting that the CNHC
-O bond is labile 
(Scheme 4.18).34 
 






4.5 RE-NHCs with small N-substituents 
In 1996 Hermann and co-workers generated the first examples of 
mono- and bis-NHC Rh complexes with NHCs of low steric demand such as 
1,3-dimethylimidazolin-2-ylidene.35 Buchmeiser and co-workers reported the 
reactivity of [Rh(cod)Cl]2 with 6-
iPr which generated the mono-carbene 
complex Rh(6-iPr)(cod)Br 4.31 (Scheme 4.19).32 
 
Scheme 4.19: Synthesis of an Rh complex bearing 6-iPr  
 
In 2012, our group investigated the reactivity of the 6-membered NHC 
6-iPr towards Rh(PPh3)4H and Rh(PPh3)3(CO)H. Addition of three equiv. of 6-
iPr to a toluene solution of Rh(PPh3)4H at 343 K for 2-3 h afforded the 
monocarbene complex Rh(6-iPr)(PPh3)2H 4.32 as a 1:2 mixture of the cis- 
and trans-phosphine isomers 4.32a/b (Scheme 4.20).36  
 
Scheme 4.20: Synthesis of Rh(6-iPr)(PPh3)2H 
 
The same products were also ultimately formed from the carbonyl 
precursor Rh(PPh3)3(CO)H, which reacted with 6-
iPr at room temperature. 
However, with the carbonyl precursor, the formation of two additional species 
at early times was observed which were identified as the cis- and trans-
isomers of the monocarbonyl complex Rh(6-iPr)(PPh3)(CO)H. Upon leaving 
the reaction mixture at room temperature overnight, both isomers of Rh(6-
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iPr)(PPh3)(CO)H disappeared, leaving 4.32a/b as the only products. This 
transformation was achievable in 2 h if the reaction mixture was warmed to 
343 K.36 
The studies described in Chapter 2 and 3 portrayed the synthesis and 
reactivity of 5-NHCs towards a variety of ruthenium precursors. In light of our 
group’s work (Scheme 4.5, 4.6 and 4.20), we attempted the synthesis of new 
ruthenium and rhodium complexes bearing the small 6-NHCs, 6-Me and 6-Et 
(Figure 4.3), as these have had little consideration in the literature.10,37-39 
 
 
Figure 4.3: 6-NHCs used in our studies 
 
4.6 Preparation of the salts [6-MeH]PF6 and [6-EtH]PF6 
The hexafluorophosphate salts [6-MeH]PF6 and [6-EtH]PF6 were 
prepared following the procedure reported by Delaude and co-workers 
(Scheme 4.4).19 A microwave vial was charged with N,N’-dimethyl-1,3-
propanediamine (1 mmol) and NH4PF6 (1 mmol) in triethyl orthoformate (5 
mL) and irradiated for 5 min at 418 K with 25 W microwave power to afford  
[6-MeH]PF6 in 66% yield. The same method was applied to synthesise [6-
EtH]PF6 (also isolated in 66% yield) starting from N,N’-diethyl-1,3-
propanediamine.  
It should be pointed out that the 6-Me and 6-Et BF4 salts were 
extremely hygroscopic and quickly became deliquescent upon exposure to 
air, therefore preventing further reactivity studies. However the corresponding 
hexafluorophosphate salts were not hygroscopic and were more suitable to 
carry out reactivity studies towards Ru and Rh precursors. 
 
4.7 Generating the free carbenes 6-Me and 6-Et 
In initial tests on an NMR scale, both [6-MeH]PF6 and [6-EtH]PF6 were 







within 30 min at 298 K, as evidenced by the loss of the high frequency C2-
proton resonances at 7.93 and 7.94 ppm respectively (Scheme 4.21). 
 
Scheme 4.21: Synthesis of the free carbenes 
 
Interesingly, the NMR spectra of the salts in C6D6 were extremely 
broad and unresolved. The C2-proton signals could not be observed 
definitively, making it impossible to analyse the success of deprotonation 
(Figure 4.4). For this reason, the free carbenes were generated in THF rather 
than benzene, the solvent then removed under vacuum  and the residue 

























4.8 Reactions of ruthenium precursors with 6-Me/6-Et 
In light of the reactions of Ru(PPh3)3(CO)HX (X=F,Cl) complexes with 
6-iPr shown in Schemes 4.5 and 4.6, we anticipated that C-H activation of the 
RE-NHC could occur for 6-Et, whereas in the case of 6-Me, formation of a 5- 




Scheme 4.22: Reaction of Ru(PPh3)3(CO)HX with 6-Me 
 
Addition of three equiv. in-situ generated 6-Me to Ru(PPh3)3(CO)HCl in 
C6D6 at 298 K led to colour change from red to brown over a period of ca. 2 h. 
Addition of hexane gave a yellow precipitate, which showed a triplet hydride 
resonance at -7.75 ppm (2JHP = 22.5 Hz) consistent with a bis-phosphine 
containing product with the Ru-H cis to the two phosphine ligands. This ruled 
out the possibility of the product being the 5-coordinate mono-phosphine 
complex 4.33. 
The remaining signals of the 1H NMR spectrum of the 6-coordinate 
complex Ru(6-Me)(PPh3)COHCl 4.34 should be straightforward to assign and 
would possibly contain a singlet, triplet and a quintet with integrals of 6:4:2 
respectively for the 6-Me. As this was not observed (Figure 4.5) it was 
apparent that 4.34 could not have been generated either. The 1H NMR 
spectrum displayed a multiplet, two triplets and a singlet with relative integrals 
of 2:2:2:3 (Figure 4.5). These signals were assigned to the N-CH2CH2, NCH2, 
NCH2 and N-CH3 protons of the carbene using HSQC spectroscopy (Figure 
4.6). However there was another singlet at 2.7 ppm which integrated to 2H, 
suggestive of a Ru-CH2-N group, which pointed to the possibility of a C-H 




-5.0 -5.2 -5.4 -5.6 -5.8 -6.0 -6.2 -6.4 -6.6 -6.8 -7.0 -7.2 -7.4 -7.6 -7.8 ppm
0.60.81.01.21.41.61.82.02.22.42.62.83.03.23.4 ppm
membered ruthenacycle. The product was thus tentatively identified as 4.35 
(Scheme 4.23).The crude product was also analysed by 31P{1H} NMR 
spectroscopy. A singlet was apparent at 60.8 ppm consistent with a single 














Figure 4.5: Partial 1H NMR spectrum of 4.35 (C6D6, 500 MHz) 
 









Figure 4.6: 1H-13C HSQC NMR spectrum of 4.35 
 
More definitive evidence for 4.35 being a non-halide containing product 
came from the fact that the same 1H and 31P{1H} NMR spectra were 
generated when the starting material was changed from Ru(PPh3)3(CO)HCl to 
Ru(PPh3)3(CO)HF. Multiple attempts were made to isolate and crystallise 
4.35, but these were unsuccessful. 
Preliminary reactions of the hydride halide ruthenium precursors and 6-
Et were carried out and the product formed also appeared to be C-H activated 
like 4.35 on the basis of observations in the 1H and 31P NMR spectra. Failure 
























4.9 Synthesis of Rh(6-Me)(PPh3)2H (4.36)  
Addition of three equiv. 6-Me to a benzene solution of Rh(PPh3)4H 
resulted in very little reaction over 2 days at room temperature. Upon heating 
to 353 K for 16 h, the hydride complex Rh(6-Me)(PPh3)2H (4.36) was formed 
and isolated as an orange powder in 54% yield. This complex was present in 
solution as a mixture of cis- and trans-phosphine isomers in a ratio of ca. 1:20 
(Scheme 4.24). The major trans-phosphine isomer 4.36b was characterised 
through a combination of X-ray crystallography and 1D and 2D NMR 
spectroscopy. 
 
Scheme 4.24: Preparation of cis-/trans- isomers of Rh(6-Me)(PPh3)2H 
 
The 1H NMR spectrum of the major trans-P,P isomer 4.36b is shown in 
Figure 4.7. The hydride region showed the expected triplet of doublets signal 
at -9.2 ppm with 2JHP and 
1JHRh splittings of 23 and 11 Hz respectively. Higher 
frequency signals at 1.0 ppm (quintet), 2.0 ppm (triplet) and 3.2 ppm (singlet) 
were assigned to the protons at the C5, C4/C6 and N-Me positions, 
respectively. The hydride resonance for the cis-isomer 4.36a was visible at -
5.2 ppm, but the low concentration of the compound made assignment of 
other signals uncertain. Only 4.36b could be seen in the 31P{1H} NMR 
spectrum and showed the expected doublet resonance, with a 1JPRh coupling 






















Figure 4.7: Partial 1H NMR spectrum of the trans-phosphine isomer 4.36b 
(C6D6, 500 MHz) 
 
The X-ray crystal structure of 4.36b showed the single hydride, two 
PPh3 ligands and 6-Me ligand in a distorted square planar geometry (P-Rh-P 
= 155.03(2)°) (Figure 4.8). The Rh-CNHC distance in 4.36b (2.081(1) Å) was 
shortened significantly compared to that in the 6-iPr analogue 4.32b 
(2.0928(13) Å)36 presumably as a result of lower repulsion between the metal 








Figure 4.8: Molecular structure of trans-phosphine isomer of Rh(6-
Me)(PPh3)2H (4.36b). Ellipsoids are shown at the 30% level. Hydrogen atoms 
except for Rh-H and N-Me are removed for clarity. Selected bond lengths (Å) 
and angles (°): Rh(1)-P(1) 2.2294(5), Rh(1)-P(2) 2.2388(5), Ru(1)-C(1) 
2.081(1), P(1)-Rh(1)-C(1) 101.54(6), P(1)-Rh(1)-P(2) 155.03(2). 
 
4.10 Synthesis of Rh(6-Et)(PPh3)2H (4.37) 
Reaction of Rh(PPh3)4H with 6-Et under identical conditions to those 
used to prepare 4.36 gave Rh(6-Et)(PPh3)2H (4.37) as an orange powder in 
64% yield. Like 4.36, this complex was also present in solution as a mixture of 
cis- and trans-phosphine isomers, but now in a ratio of ca. 1:9 (Scheme 4.25). 
 
 
Scheme 4.25: Preparation of cis-/trans- isomers of Rh(6-Et)(PPh3)2H 
 
The greater concentration of the cis isomer 4.37a allowed identification 
of both forms by NMR spectroscopy. The major trans-isomer 4.37b was 




ppm with couplings of 25.0 Hz (2JHP) and 11.0 Hz (
1JHRh). The cis-isomer 
exhibited a doublet of doublet of doublets hydride signal at -5.4 ppm with 
couplings of 106.9 Hz (2JHP), 30.5 Hz (
2JHP or 
1JHRh) and 25.9 Hz (
2JHP or 
1JHRh). The 
31P{1H} NMR spectrum showed a doublet at 45.8 ppm with 
coupling of 180 Hz (1JPRh) for the trans-isomer and two doublets of doublets 












Figure 4.9: 31P{1H} NMR spectrum of 4.37a/b (C6D6, 298K, 202 MHz) 
 
As in the 6-Me case, the X-ray crystal structure of the trans-phosphine 
isomer 4.37b revealed a distorted square planar geometry at the rhodium 
centre with a P-Rh-P angle of 150.11(2)° (Figure 4.10). The Rh-CNHC distance 
in 4.37b (2.086(2) Å) was the same within error as that in 4.32b (2.0928(13) 
Å), but at the low end, making it more similar to that of 4.36b (2.081(2) Å). 
This further supports the close approach of NHCs with small N-groups to the 
Rh in these types of complexes. The relatively short Rh…C(9) and Rh…H(7B) 
distances of 3.086 Å and 2.341 Å (shown by a dotted line) indicated that there 
could be an agostic interaction. Previous work by Aldridge et al reported that 
it is unlikely that there could be any agostic interaction stabilizing the metal 
centre with Rh…C contacts being >3.8 Å.40 However, Nolan and co-workers 
reported Rh(ItBu)(ItBu’)HCl where the empty coordination site in the 16-
electron complex was taken up by a strong agostic interaction with Rh…C and 
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Rh…H distances of 2.704 Å and 2.073 Å respectively.41 Based on these 





Figure 4.10: Molecular structure of Rh(6-Et)(PPh3)2H 4.37b. Ellipsoids are 
shown at the 30% level. Hydrogen atoms except for Rh-H and N-CH2 are 
removed for clarity. Selected bond lengths (Å) and angles (°): Rh(1)-P(1) 
2.2266(5), Rh(1)-P(2) 2.2492(5), Ru(1)-C(1) 2.086(1), P(1)-Rh(1)-C(1) 
102.23(6), P(1)-Rh(1)-P(2) 150.11(2).  
 
 There is substantial asymmetry of the metal-carbene bonding in both 
4.36b and 4.37b, which is exemplified by the difference in the N-C-Rh angles 













4.11 Reaction of Rh(PPh3)3(CO)H with NHCs 
Given that both Rh(PPh3)4H and Rh(PPh3)3(CO)H gave the same final 
product upon reaction with 6-iPr (Scheme 4.5), both 6-Me and 6-Et were 
reacted with the carbonyl precursor. An NMR tube was charged with three 
equiv. of 6-Et and Rh(PPh3)3(CO)H in benzene and left to stand at 298 K. 
During the reaction, gas evolution was observed. After 24 h, the solvent was 
concentrated and hexane added to afford a few dark red crystals that proved 
to be the dinuclear compound [(PPh3)2Rh(μ-CO)2Rh(6-Et)(PPh3)] (4.38) 
(Scheme 4.26). The product was characterised through a combination of X-
ray crystallography and 31P{1H} NMR spectroscopy.  
 
Scheme 4.26: Synthesis of [(PPh3)2Rh(μ-CO)2Rh(6-Et)(PPh3)] 4.38 
 
The X-ray crystal structure of 4.38 (Figure 4.11) consists of a square-
planar Rh(1)-carbene-PPh3 fragment (C(1)-Rh(1)-P(1) 96.81(9)°; C(27)-
Rh(1)-C(28) 93.07(12)°) connected to a distorted tetrahedral Rh(2)-(PPh3)2 
unit (P(2)-Rh(2)-P(3) 121.25(3)°) via two bridging CO ligands and a Rh-Rh 
bond. These distortions are probably due to a large steric interaction between 
the P(2) and P(3) phosphine ligands. The Rh(2)-P(2) and Rh(2)-P(3) bond 
distances are the same (2.3291(8)° and 2.3407(8)° respectively), whereas the 
Rh(1)-P(1) distance (2.2739(8)°) is significantly shorter presumably as a 






Figure 4.11: Molecular structure of [(PPh3)2Rh(μ-CO)2Rh(6-Et)(PPh3)] 4.38. 
Ellipsoids are shown at the 30% level. Hydrogen atoms are removed for 
clarity. Selected bond lengths (Å) and angles (°): Rh(1)-C(1) 2.090(3), Rh(1)-
C(27) 1.984(3), Rh(1)-C(28) 2.023(3), Rh(2)-C(28) 1.938(3), Rh(2)-C(27) 
1.990(3), Rh(1)-P(1) 2.2739(8), Rh(2)-P(2) 2.3291(8), Rh(2)-P(3) 2.3407(8), 
C(27)-Rh(1)-C(28) 93.07(12). 
 
The product generated can be contrasted with the symmetrical μ-CO 
bridging dimer 4.39 (Scheme 4.39) which is formed in the reaction of 
Rh(PPh3)3(CO)H and six equiv. of I
iPr2Me2. An isomeric mixture of the 
mononuclear bis-carbene complex Rh(IiPr2Me2)2(CO)H was formed along 
with the carbonyl bridged dimer (Scheme 4.27).42 The Rh-Rh bond distance 





Scheme 4.27: Synthesis of Rh bis-IiPr2Me2 complexes and a bridged dimer 
 
4.38 can also be compared to the dimer 4.40 reported by Freeman43, 
which also consisted of two rhodium atoms and bridging carbonyls (Figure 
4.12). Like 4.38, 4.40 comprised of square-planar and distorted-tetrahedral 
fragments. The Rh(1)-Rh(2) bond distance in 4.40 (2.718 (1) Å) is slightly 
longer than that in 4.38.  
 
Figure 4.12: Dimer (PCy3)2Rh(μ-CO)2Rh(CO)PCy3 reported by Freeman 
 
The 31P{1H} NMR spectrum of redissolved single crystals of 4.38 in 
THF-d8 displayed a doublet at 40.2 ppm (JPRh= 183 Hz) and a doublet of 
doublets at 35.3 ppm (JPRh= 235 Hz, 




Figure 4.13: 31P{1H} NMR spectrum of 4.38 (THF-d8, 298 K, 161 MHz) 
 
The room temperature 31P{1H} NMR spectrum of 4.40 consisted of a 
doublet of doublets at δ 50.5 (1JPRh = 223 Hz, 
2JPRh = 9 Hz) and a doublet  at 
δ 42.8 (JPRh = 156 Hz). Upon lowering the temperature to 183 K, the signal at 
50.5 ppm resolved into two broad doublets at 49.0 ppm (1JPRh = 240 Hz) and 
52.0 ppm (1JPRh = 240 Hz) assigned to the phosphines P(2) and P(3) on 
Rh(2). From the crystal structure it was evident that the P(2)Rh(2)P(3) plane 
was rotated 80.3° with respect to the Rh(2)(CO)(CO)Rh(2) plane and 
therefore P(2) and P(3) occupied non equivalent sites with respect to P(1) 
and C(1). Rapid oscillation of P(2) and P(3) through the 90° tetrahedral 
position to the opposite and equivalent 80.3° position would make P(2) and 
P(3) magnetically equivalent and as a result explained the presence of the 
two broad doublets.  
 A CH2Cl2 solution of 4.38 was analysed by IR spectroscopy and 
displayed a broad peak at 1717 cm-1 for the bridging CO. This value is 
comparable with that in 4.39 at 1708 cm-1. 
The reaction with Rh(PPh3)3(CO)H and 6-Me was carried out under the 
same conditions described with 6-Et to see if the reaction also generated a 
dimer. Following the reaction by 31P NMR spectroscopy, the starting material 
at 41.2 ppm was observed along with a doublet and a doublet of doublets at 
42.9 and 38.1 ppm respectively from the product. Heating the sample for 2 h 
at 343 K led to complete conversion to product although, the 6-Me derivative 




4.12 Preparation of the bifluoride complexes Rh(6-NHC)(PPh3)2(FHF) 
The reported reactivity of Rh(6-iPr)(PPh3)2H 4.32 towards Et3N.3HF to 
afford the bifluoride complex 4.41 (Scheme 4.28)36 led us to probe the 
reactivity of both 4.35a/b and 4.36a/b towards this reagent. 
 
 
Scheme 4.28: Preparation of Rh(6-iPr)(PPh3)2(FHF) 
 
4.13 Synthesis of Rh(6-Me)(PPh3)2(FHF) (4.42) 
A toluene solution of 4.36a/b and one equivalent of Et3N.3HF stirred 
for 2 h at 298 K afforded the bifluoride complex Rh(6-Me)(PPh3)2(FHF) 4.42, 
which was isolated as a yellow powder in 44% yield (Scheme 4.29). 
 
 
Scheme 4.29: Synthesis of Rh(6-Me)(PPh3)2(FHF) 
 
The 31P{1H} NMR spectrum of 4.42 displayed a single broad doublet of 
doublet resonance at 26.1 ppm (1JPRh = 173 Hz, 
2JPF = 13 Hz) consistent with 
(i) formation of a single isomer of the product and (ii) this isomer having a 
trans arrangement of phosphines rather than the cis-P,P geometry found in 
the 6-iPr analogue 4.41. 
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The appearance of the signals for the FHF ligand were, unsurprisingly, 
temperature dependent. In the room temperature 1H NMR spectrum recorded 
in THF-d8, the bifluoride proton appeared as a single, very broad resonance, 
(Figure 4.14) which partially resolved into the expected doublet of doublets 
(JHF = 379, 42 Hz) and shifted ca. 0.9-1.0 ppm with cooling to 190 K. The 
broadening of the FHF signal in THF-d8 most likely reflects some interaction 
with the solvent.44 
 
Figure 4.14: Variable temperature 1H NMR spectra of 4.42 in THF-d8 (400 
MHz) 
 
The room temperature 19F NMR spectrum in THF-d8 exhibited two 
broad singlets at -316.4 (proximal Rh-F-H-F) ppm and -181.3 (distal Rh-F-H-
F) ppm. Upon cooling to 190 K, the 19F NMR spectrum resolved to a doublet 
of doublets signal at -176.9 ppm with 1JFH and 
2JFF of 381 Hz and 127 Hz 





























Figure 4.15: 190 K 19F NMR spectrum of 4.42 (THF-d8, 470 MHz)  
 
Complex 4.42 was less soluble in C6D6 and tol-d8, but at the same time 
exhibited very different spectra to those measured in THF-d8. In the 
1H NMR 
spectrum in tol-d8 at 298 K, a broad doublet at 12.8 ppm (J  390 Hz) was 
observed for the bifluoride proton (Figure 4.16). Upon cooling to 224 K, there 
was only partial resolution of the bifluoride signal, which now exhibited an 
additional 1JHF(proximal) splitting of ≈38 Hz. 
 
 
Figure 4.16: Variable temperature 1H NMR spectra of 4.42 in tol-d8 (400 MHz) 
12.012.513.013.514.0 ppm







-160 -162 -164 -166 -168 -170 -172 -174 -176 -178 ppm
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The structure of 4.42 was confirmed by X-ray crystallography as shown 
in Figure 4.17. The four coordinate rhodium centre was distorted from a 
regular square plane with trans C-Rh-P and trans-P-Rh-P angles of 
172.75(7)° and 162.28(2)° respectively. The positioning of the FHF ligand 
trans to the NHC resulted in a minor lengthening of the Rh-F distance 
(2.1460(12) Å) relative to that in the 4.41 where the F is opposite to 




Figure 4.17: Molecular structure of Rh(6-Me)(PPh3)2(FHF) 4.42. Ellipsoids are 
shown at the 30% level. Hydrogen atoms except for Rh-FHF and those on the 
N-substituents of the NHCs are removed for clarity. Selected bond lengths (Å) 
and angles (°): Rh(1)–P(1) 2.3016(6), Rh(1)-P(2) 2.2785(6), Rh(1)-C(1) 













4.14 Synthesis of Rh(6-Et)(PPh3)2(FHF) (4.43) 
The 6-Et FHF analogue was prepared by the same methodology as for 
















Scheme 4.30: Synthesis of cis-/trans-isomers of Rh(6-Et)(PPh3)2(FHF) 4.43 
 
A 31P {1H} NMR spectrum of the material run immediately after 
dissolution in THF-d8 displayed a doublet of doublets at 27.7 ppm indicating 
that the trans-phosphine isomer 4.43b had been formed, with only trace 
amounts of the cis isomer observed. However upon leaving the sample in 
solution for 24 h, signals for the cis-isomer were now much clearer. The 
isomers eventually equilibrated over 24 h at 298 K to a 1:1 mixture. The two 
isomers were straightforward to differentiate by 31P {1H} NMR spectroscopy; 
the cis-isomer displayed two doublet of doublet of doublet resonances with 
quite different P-Rh (219 Hz and 123 Hz) and P-F (181 Hz and 22 Hz) 
couplings, while the trans-isomer appeared as just a doublet of doublets with 
1JPRh and 






Figure 4.18: 31P{1H} NMR spectrum of 4.43a/b (THF-d8, 298 K, 202 MHz) 
 
Interestingly, the corresponding 1H NMR spectrum displayed only a 
single albeit very broad, high frequency singlet at 11.8 ppm for the bifluoride 
ligand, despite the FHF ligand being in two different environments in the two 
isomers. Another feature was the appearance of a highly deshielded 
methylene signal at ca. 6.1 ppm for the cis-isomer which possibly reflects its 
























Figure 4.19: 1H NMR spectrum of the two isomers of 4.43 (THF-d8, 298 K, 
500 MHz) 
The 19F NMR spectrum of the isomeric mixture 4.43a/b was only 
partially resolved at 298 K. The signals for the two distal fluorine nuclei at -
273.3 and -310.6 ppm were assigned to the trans and cis isomers 
respectively. The proximal fluorine for both isomers appeared as a single, 
very broad resonance at -181.0 ppm, but upon cooling to 218 K, this resolved 
into two still relatively broad doublets at -177.3 and -179.1 ppm, with 1JFH 
coupling constants of ca. 372 and 380 Hz respectively (Figure 4.20). 
 
Figure 4.20: Low temperature (218 K) 19F NMR spectrum of a mixture of 
4.43a/b (THF-d8, 376 MHz) 
0.51.01.52.02.53.03.54.04.55.05.56.0 ppm
11.512.012.5 ppm
-270 -275 -280 -285 -290 -295 -300 -305 -310 ppm-175 -180 ppm









4.43b was further characterised using X-ray crystallography (Figure 
4.21). The trans-NHC-Rh-FHF geometry resulted in a minor lengthening of 
the Rh-F distances (4.42: 2.1460(12) Å; 4.43b: 2.1354(17) Å) relative to the 
trans-P-Rh-FHF arrangement in 4.41 (2.1217(13) Å). The Rh-FF angles of 
4.42 (122.96(6)°) and 4.43b (121.41(9)º) were significantly more acute than 
that in 4.41 (127.44º), this value being at the bottom end of the range 
reported for other M-FHF species.45-48 
 
Figure 4.21: Molecular structure of Rh(6-Et)(PPh3)2(FHF) 4.43b. Ellipsoids 
are shown at the 30% level. Hydrogen atoms except for Rh-FHF and those on 
the N-substituents of the NHCs are removed for clarity. Selected bond lengths 
(Å) and angles (°): Rh(1)–P(1) 2.2899(8), Rh(1)-P(2) 2.3172(8), Rh(1)-C(1) 
1.969(3), Rh(1)-F(1) 2.1354(17), P(1)-Rh(1)-C(1) 92.77(8), P(1)-Rh(1)-P(2) 
171.33(3). 
 
Like the Rh hydride complexes 4.36b and 4.37b, some tilting of the 
NHC ligands was observed, with N-C-Rh angles of 117.88(14)/125.51(14)° in 
4.42 and 120.41(19)/123.49(20)° in 4.43. 
As mentioned previously, the initial formation of cis-Rh(6-
Et)(PPh3)2(FHF) 4.43a was followed by isomerisation to a ca. 1:1 mixture with 
the trans-isomer over hours in solution at 298 K. Multiple experiments at 
different temperature and solvents and were carried out to see whether the 
mixture of isomers went through to one isomer. An NMR tube containing 




spectroscopy at 1 h intervals, but the ratio remained as 1:1 over 12 hrs. 
Similarly, changing the solvent to C6D6 also had no effect on the mixture of 
isomers. 
The bifluoride compounds Rh(6-Me)(PPh3)2(FHF) 4.42 and Rh(6-
Et)(PPh3)2(FHF) 4.43a/b were further characterised by IR spectroscopy. 4.42 
displayed two broad ʋFHF bands at 2506 and 1897 cm
-1 whereas 4.43a/b 
displayed three signals at 1883, 2422 and 2334 cm-1. The 6-iPr analogue 4.41 
showed a comparable lower frequency feature at 1921 cm-1 and two distinct, 
higher frequency bands at 2465 and 2328 cm-1. 
 
4.15 Comment on the formation of Rh FHF complexes 
The formation of the bifluoride complexes from TREAT.HF contrasts 
with work reported by Grushin and Braun on the use of this reagent to form 
Rh-F complexes. In 2004, Grushin described two efficient routes to 
synthesise Rh(PPh3)3F 4.44, both of which involved the use of TREAT.HF as 
a mild HF source. Treatment of [(Ph3P)4Rh2(μ-OH)2] with 2-3 equiv. of 
TREAT.HF afforded the dinuclear fluoride product [(Ph3P)4Rh2(μ-F)2], which 
upon addition of PPh3, gave Rh(PPh3)3F 4.44. The second route is similar in 












Braun reported that reaction of Rh(PEt3)4H or Rh(PEt3)3H with 
TREAT.HF gave Rh(PEt3)3F 4.45 (Scheme 4.32).
50,51 
 
Scheme 4.32: Synthesis of Rh(PEt3)3F
 
 
The formation of the bifluoride compound Rh(PEt3)3(FHF) 4.46 took 
place upon addition of HCl to Rh(PEt3)3F. The HF was shown to be loosely 
bound as it was easily removed by addition of Et3N and Cs2CO3 to give full 
conversion to 4.45.50,51 
 
4.16 Intermolecular and intramolecular exchange of the bifluoride 
complexes 
Since the first example of a transition metal bifluoride complex, trans-
Pt(PCy3)2(FHF)H reported by Coulson in 1976
52, investigations of the 
fluxional properties of bifluoride ligands have only been carried out on this 
complex46 and trans-Pd(PPh3)2(FHF)Ph.
48 The solution behaviour of the M-
FHF species can be studied using NMR methods including magnetization 
transfer. Our isolation of Rh bifluoride complexes provided an opportunity to 
extend studies of FHF dynamics to a different metal centre and would also 
show if the influence of the trans-ligand (-phosphine in 4.41, NHC in 4.42-) 
had an effect (we excluded 4.43 because of the mixture of isomers).  
An NMR tube was charged with 4.42 (5 mg) in THF-d8 (0.5 mL) and a 
series of 19F magnetization transfer experiments were carried out.  During 
these experiments one of the fluorine resonances is selectively excited by 
irradiating it with a 180° pulse; after this, by waiting a series of time delays, a 
spectrum can be acquired. The same procedure was carried out for 4.41 
(Figure 4.22). The results revealed there was exchange between the distal 
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and proximal fluorine resonances for 4.42 taking place at 298 K, whereas for 
4.41, exchange was not observed until 313 K. Monitoring the exchange rate 
as a function of temperature gave similar ΔH‡ values for the two compounds 
(4.41: 51 ±5kJ mol-1; 4.42: 60 ±6 kJ mol-1). At first sight, a difference was 
apparent between the two calculated ΔS‡ values (4.41: -70 ±17 J mol-1 K-1; 
4.42: -27 ±18 J mol-1 K-1), although taking into account the error bars, this 
difference could be as little as 7 J mol-1 K-1. 
Further experiments were carried out with different concentrations of 
the samples. Diluting the samples by up to three-fold had no effect on the rate 
of exchange, suggesting that the activation parameters reflect an 
intramolecular process. This observation is similar to what Grushin had 
reported for the isoelectronic square-planar system Pd(PPh3)2(FHF)Ph where 
the bifluoride ligand is proposed to undergo exchange via temporary ĸ2-
coordination.37 An Eyring plot is shown below in Figure 4.23 which displays 












Figure 4.23: Eyring plot for 19F magnetization data. Upper line: 3.51 x 10-2 M 
of 4.41 (squares/diamonds), 1.76 x 10-2 M of 4.41 (circles). Lower line: 2.79 x 
10-2 M of 4.42 (squares), 1.35 x 10-2 M of 4.42 (triangles/spikes). 
 
Complexes 4.41 and 4.42 successfully displayed intramolecular 
exchange as described above, but it was also of interest to see whether the 
bifluoride complexes were able to undergo intermolecular exchange. 
Approximately 5 mg of 4.42 and the Rh(6-iPr)F complex Rh(6-iPr)(PPh3)2F 
4.47 were added to an NMR tube in C6D6 and the 
19F NMR spectrum 
recorded after 30 min. It was evident that intermolecular exchange had taken 
place, as the signals for 4.41 (-175.9 and -272.6 ppm) and Rh(6-Me)(PPh3)2F 




















Scheme 4.33: Intermolecular exchange with 4.47 and 4.42 
 
Similarly, addition of a single equivalent of 4.41 to a C6D6 solution of 
4.48 showed the presence of 4.42 and cis/trans 4.47.  
 
4.17 Synthesis of Rh(6-Me)(PPh3)2F (4.48) 
The yields of 4.42 and 4.43 were relatively low due to their partial 
solubility in alkane solvents, and so it proved difficult to use them as 
precursors to the corresponding fluoride complexes via reaction with [Me4N]F, 
the route used to prepare Rh(6-iPr)(PPh3)2F 4.47. However C-F activation of 
F3CCF=CF2 by 4.36 and 4.37 provided a direct route to Rh(NHC)(PPh3)2F, 
the fluoride compounds being the only rhodium containing products of the 
reactions. A benzene solution containing 4.36 and 1 atm perfluoropropene 
was stirred at 298 K for 15 min. The reaction mixture was reduced to dryness, 
extracted with minimum amount of benzene and precipitated under vigorous 
stirring of hexane to afford Rh(6-Me)(PPh3)2F 4.48 as a yellow powder in 25% 
yield (Scheme 4.34). Low yields were observed due to partial solubility in 




Scheme 4.34: Synthesis of Rh(6-Me)(PPh3)2F 
 
The 31P{1H} NMR spectrum of 4.48 displayed a single doublet of 
doublets at 23.9 ppm (2JPRh = 174 Hz, 
2JPF = 15 Hz) consistent with the 
formation of just the trans-phosphine isomer. The corresponding 19F NMR 




Figure 4.24 : 31P{1H} (202 MHz, top) and 19F (470 MHz, bottom) NMR spectra 
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4.18 Synthesis of Rh(6-Et)(PPh3)2F (4.49) 
The same method was applied as above with 4.37 to afford Rh(6-
Et)(PPh3)2F 4.49a/b as a yellow powder (Scheme 4.35). A low yield (39%) 
again resulted from partial alkane solubility.53  
 
 
Scheme 4.35: Synthesis of cis-/trans-isomers of Rh(6-Et)(PPh3)2F 
 
The 31P{1H} NMR spectrum of the product showed the presence of a 
mixture of cis- and trans-isomers 4.49a/b (c.f. 4.37). A doublet of doublets 
was observed at 26.9 ppm (1JPRh = 174 Hz, 
2JPF = 19 Hz) for the trans-isomer 
while the cis-isomer exhibited two doublet of doublet of doublets at 60.3 and 
36.6 ppm. The 19F NMR spectrum was also quite diagnostic; this displayed a 
broad doublet at -331.3 ppm for the trans isomer (by comparison with 4.48), 






Figure 4.25: 31P{1H} (202 MHz, top) and 19F (470 MHz, bottom) NMR spectra 
of 4.49a/b (C6D6, 298 K) 
 
NMR spectra of the reaction volatiles obtained from both 4.48 and 
4.49a/b showed that (E)-F3CCF=CFH was formed as the major product, 
along with smaller amounts of (Z)-F3CCF=CFH and, more unexpectedly, 
(F3C)2C(F)H (relative ratio 1:0.34:0.34). Assignment of the products was 
made by comparison of 1H and 19F NMR data to the literature.54-58 The 
formation of (F3C)2C(F)H most likely arises as a result of attack of F
− on the 
fluoroalkene59, followed by reaction of the carbanion with H+, abstracted from 
any available protic source (e.g H2O). 
The formation of the fluorides 4.48 and 4.49a/b contrasts with most 
other Rh mediated C-F bond activation reactions, which typically yield Rh-
fluoroaryl or fluoroalkenyl products.60-63 A report by Braun discussed how 
F3CCF=CF2 reacted with Rh(PEt3)3H/base to give the perfluoropropenyl 
complex Rh(PEt3)3(CF=CFCF3). Subsequent oxidative addition of hydrogen 
to the perfluoropropenyl complex afforded the dihydro rhodium(III) complex, 
30354045505560 ppm
-283 -284 -285 -286 -287 ppm -328 -329 -330 -331 -332 ppm
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which in the presence of additional hydrogen afforded 1,1,1 trifluoropropane 





Scheme 4.36: Synthesis of 4.45 via F3CCF=CF2 
 
Very recently, the same group found that the bridging hydride complex 
[Rh(dipp)(μ-H)]2 cleaved aromatic C-F bonds to give the corresponding 
fluoride complex, [Rh(dipp)(μ-F)]2
 4.52 but, in this case, the formation of a 
dinuclear product most likely provides the driving force for Rh-F formation 
(Scheme 4.37).66 
 




4.19 Reactivity of Rh(6-NHC)(PPh3)2F 
Grushin and co-workers reported the thermal decomposition of 4.44 in 
benzene at 353 K which took place quickly and produced two Rh products, 
one of which resulted from the cyclometallation of the phenyl group of 
Rh(PPh3)3F 4.44 (Scheme 4.38).
49  
 
Scheme 4.38: Thermal decomposition of a Rh-F complex 
 
In contrast to 4.44, Rh(6-iPr)(PPh3)2F (4.47) has been reported to show 
higher thermal stability and no tendency to undergo any rearrangement 
between the Rh-F and PPh3 ligands, although two products were generated.
36 
Thus, heating 4.47 at 343 K for 3 h led first to the appearance of a compound 
assigned as the trans-phosphine isomer of Rh(6-iPr)(PPh3)2F. A 
31P{1H} NMR 
spectrum recorded after 20 h heating still contained mostly 4.47, but now also 
showed a further product that displayed two doublets of doublets at 39.4 and -
40.7 ppm. The product was tentatively assigned as a cyclometalated 
phosphine complex principally on the basis of the characteristic very low 
frequency phosphorus resonance. 
As low yields were obtained for 4.48 and 4.49a/b, no further reactivity 
studies were really viable. However the ability to generate 4.47 in good yields 
via the C-F activation of perfluoropropene, led to further investigations of Rh-
F reactivity. Initial work was carried out to see whether 4.47 would reverse 
back to the hydride derivative. Addition of H2 or 5 equiv. of Et3SiH to a C6D6 
solution of 4.47 resulted in very slow conversion to the hydride complex. In 
the silane experiment, ca. 50% conversion to 4.32 was seen after 6 days, 
however heating the sample to 363 K for an additional 2 h resulted in the 
complete transformation to the same 1:2 mixture of cis-/trans Rh(6-
iPr)(PPh3)2H 4.32a/b (Scheme 4.39). Interestingly, there were no NMR 
signals for any intermediate Rh species detectable with either reductant. 
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Scheme 4.39: Reversing the Rh-F complex back to hydride derivative 
 
Exposure of a C6D6 solution of 4.47 to 1 atm. CO resulted in the rapid 
formation of the monocarbonyl complex Rh(6-iPr)(PPh3)(CO)F 4.54 within 10 
min at 298 K. This displayed a doublet of doublets phosphorus signal at 30.3 
ppm (2JPRh =122.0 Hz, 
2JPF = 23.0 Hz), and a doublet of doublets Rh-F 
resonance at -282.4 ppm with 1JFRh and 
2JFP splittings of 52 and 23 Hz. When 
the reaction was repeated with 13CO, additional splittings of 16 and 76 Hz 
were seen in the 31P and 19F spectra respectively. The positioning of the 
ligands are shown for the product in Scheme 4.40, based on the magnitudes 
of these J-values. Positioning of the π-donor F trans to the π-acceptor CO, is 
as expected (Scheme 4.40).67 
 
Scheme 4.40: Synthesis of the mono-CO complex 
 
Attempts to isolate 4.54 for structural characterisation only afforded the 
known bis-phosphine complex Rh(PPh3)2(CO)F
 4.55.68,69 Further inspection 
showed that this was formed as soon as CO was added to 4.47 on the basis 
of a broad 19F doublet at -271.1 ppm (1JFRh = 54.6 Hz), but only present in 
trace amounts and as a minor component with respect to 4.54. Therefore its 
subsequent crystallization must simply reflect a lower solubility in 
C6H6/hexane relative to 4.54. 
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4.20 Reaction with Me3SiCF3 
A number of groups,70,71 including Grushin’s,72,73 have described the 
transformation of Rh-F complexes into Rh-CF3 species through the reaction 
with Me3SiCF3. Grushin showed that treating Rh(PPh3)3F 4.44 with Me3SiCF3 
in benzene resulted in the initial formation of the difluorocarbene fluoride 
complex Rh(PPh3)2(CF2)F 4.57 presumably via the intermediate 
Rh(PPh3)3(CF3) 4.56, which then underwent α–F elimination upon loss of 
PPh3. Addition of excess PPh3 to a benzene solution of 4.57 afforded full 
conversion back to 4.56, allowing isolation and complete characterisation 
(Scheme 4.41).72-74 
 
Scheme 4.41: Synthesis of Rh-CF3 complex which undergoes α–F elimination 
 
The room temperature reaction of Me3SiCF3 and 4.47 rapidly 
generated Rh(6-iPr)(PPh3)2(CF3) 4.58 (Scheme 4.42). The 
19F NMR spectrum 
showed a characteristic low frequency doublet of doublet of doublets 
trifluoromethyl signal at -7.2 ppm (3JFP = 40 Hz, 
2JFRh = 23 Hz, 
3JFP = 13 Hz), 
while in the 31P{1H} NMR spectrum, two partially overlapping doublet of 
doublet of quartets appeared at 43.0 and 41.7 ppm (Figure 4.26), consistent 
with a cis-phosphine geometry. 
 
 





Figure 4.26: 31P{1H} NMR spectrum of 4.58 (C6D6, 298 K, 162 MHz) 
 
The most notable feature in the X-ray crystal structure of 4.58 (Figure 
4.27) was the lengthening of the Rh-P bond (trans to CF3) to 2.3020(4) Å from 
that trans to F in 4.47 (2.1850(7) Å), a result of the well-established high 
trans-influence of the trifluoromethyl ligand.75,76 
 
Figure 4.27: Molecular structure of Rh(6-iPr)(PPh3)2(CF3) 4.58. Ellipsoids are 
shown at the 30% level. Hydrogen atoms are removed for clarity. Selected 
bond lengths (Å) and angles (°): Rh(1)-P(1) 2.3020(4), Rh(1)-P(2) 2.2813(4), 
Rh(1)-C(1) 2.0917(16), Rh(1)-C(11) 2.0993(16), P(1)-Rh(1)-C(1) 168.36(4), 
P(2)-Rh(1)-C(1) 92.23(4), P(1)-Rh(1)-P(1) 96.711(15), P(1)-Rh(1)-C(11) 




4.21 CHAPTER SUMMARY  
 The synthesis and reactivity of Ru(PPh3)3(CO)HX (X=Cl, F) towards 6-
Me and 6-Et proved to be difficult which limited further studies, as we were 
unable to crystallise and fully characterise the complexes.  
 New hydride containing rhodium complexes of the form Rh(6-
NHC)(PPh3)2H bearing 6-Me and 6-Et have been prepared from Rh(PPh3)4H. 
A different reactivity was observed when the Rh precursor was changed to 
Rh(PPh3)3(CO)H. Treating with 6-Et brought about the synthesis of the dimer 
[(PPh3)2Rh(μ-CO)2Rh(6-Et)(PPh3)] 4.38. As expected on the basis of previous 
studies the addition of Et3N3HF to rhodium hydride precursors gave the 
corresponding bifluoride species 4.42 and 4.43a/b.  
 19F Magnetization transfer studies were carried out on the known Rh(6-
iPr)(PPh3)2FHF and Rh(6-Me)(PPh3)2FHF and revealed what appears to be 
an intramolecular fluorine exchange process involving the F-H-F ligands. This 
is somewhat more facile in the 4.42 compared to 4.41. 
 The Rh-F complexes 4.48 and 4.49a/b have proven to be readily 
accessible through C-F activation of a perfluoroalkene by 4.36 and 4.37/b. As 
low yields were obtained for 4.48 and 4.49a/b, reactivity studies were carried 
out with 4.47 and revealed (i) metathesis with both H2 and R3SiH, (ii) 6-NHC 

















4.22.1 General Methods 
All manipulations were carried out using standard Schlenk, high 
vacuum and glovebox techniques using dried and degassed solvents, unless 
otherwise stated. NMR spectra were recorded at 298 K (unless otherwise 
stated) on Bruker Avance 400 and 500 MHz NMR spectrometers and 
referenced to residual solvent signals for 1H and 13C spectra for C6D6, (δ 7.15, 
128.0) and THF-d8 (δ 3.58, 25.4). Unless otherwise quoted, 
1H and 13C 
resonances for the PPh3 ligands and non-carbenic 
13C signals arising from 
the 6-NHC ligands have been excluded. 31P{1H} and 19F spectra were 
referenced externally to 85% H3PO4 (85%) and CFCl3 respectively (both δ = 
0.0). Mass spectrometry was performed by the EPSRC National Mass 
Spectrometry Service in Swansea, UK. Elemental analyses were performed 
by the Elemental Analysis Service, London Metropolitan University, London, 
UK. IR spectra were prepared as KBr discs in an argon-filled glovebox and 






79 were prepared 
according to the literature. Et3N.3HF, F3CF=CF2, KN(SiMe3)2, CF3SiMe3 and 
Et3SiH, were purchased from Sigma Aldrich and used as received. Hydrated 
RhCl3 was loaned by Johnson Matthey. Hydrogen (BOC, 99.9%) and carbon 
monoxide (BOC, 99.9%) were used as received 
 
Preparation of 6-NHCs 
4.22.2 Synthesis of [6-MeH]PF6.
19 A 100 μL microwave vial was 
charged with N,N’-dimethyl-1,3-propanediamine (624 μL, 5.0 mmol), 
ammonium hexaflurophosphate (815 mg, 5.0 mmol) and triethyl orthoformate 
(5 mL). The vial was capped and irradiated 5 min at 418 K under stirring with 
a 25 W microwave power. After cooling to room temperature the reaction 
mixture was diluted with Et2O (5 mL) and stirred for 10 mins to precipitate a 
white solid which was filtered off. Yield 856 mg (66%).  
4.22.3 Synthesis of [6-EtH]PF6.
19
 The same method was applied as 
[6-MeH]PF6 but starting from N,N’-diethyl-1,3-propanediamine (795 μL, 5.0 




Preparation of a Ruthenium complex bearing 6-Me 
4.22.4 Synthesis of Ru(6-Me’)(PPh3)2(CO)H 4.35. A Schlenk flask 
was charged with [6-MeH]PF6 (81.0 mg, 0.31 mmol) and KN(SiMe3)2 (63.0 
mg, 0.31 mmol) in THF (2.5 mL) and the suspension stirred at 298 K for 1 h. 
The salt/base mixture was added to a J. Youngs ampoule containing 
Ru(PPh3)3(CO)HCl (100 mg, 0.11 mmol) in THF (2.5 mL). The mixture was 
then stirred at 298 K for 2 h and then filtered of trace amounts of a light brown 
solid. The filtrate was reduced to dryness and redissolved in minimum amount 
of benzene and the added hexane to afford a yellow powder. The solid was 
isolated by cannula filtration and dried under vacuum. 1H NMR (500 MHz, 
C6D6): δ 2.7 (s, 2H, Ru-CH2), 1.8 (s, 3H, NCH3), 1.8 (dt, J= 5.9 Hz, 2H, 
NCH2), 1.7 (dt, J= 5.9 Hz, 2H, NCH2), 0.8 (m, 2H, NCH2CH2), -7.8 (t, J= 22.5 
Hz, 1H, RuH). 31P {1H} NMR: δ 60.8 (s). 13C{1H} NMR: δ 47.4 (s,NCH2CH2), 
42.2 (s,NCH2CH2), 40.7 (s, NCH3), 24.1 (t, J= 6.9 Hz, RuCH2), 20.7 (s, 
NCH2CH2). 
 
Preparation of Rhodium complexes bearing 6-NHCs 
4.22.5 Synthesis of Rh(6-Me)(PPh3)2H (4.36).  A Schlenk flask was 
charged with [6-MeH]PF6 (178 mg, 0.35 mmol) and KN(SiMe3)2 (139 mg, 0.35 
mmol) in THF (5 mL) and the suspension stirred at 298 K for 1 h. The solvent 
was removed and the residue redissolved in benzene (5 mL) and added to a 
J. Youngs ampoule containing Rh(PPh3)4H (200 mg, 0.17 mmol) in benzene 
(5 mL). The mixture was then heated at 353 K for 16 h. After cooling to room 
temperature, the resulting deep orange-red solution was filtered by cannula, 
concentrated to ca. 2 mL and hexane added to afford 4.36 as an orange 
precipitate. The solid was isolated by cannula filtration and dried under 
vacuum to give a 1:20 mixture of cis- and trans-phosphine isomers of 
4.36a/b. Yield 70 mg (54%). Analysis for C42H43N2P2Rh (740.66) %; C, 68.11; 
H, 5.85; N, 3.78. Found, %: C, 67.98; H, 5.95; N. 3.81.1H NMR (500 MHz, 
C6D6) for 4.36b: δ 8.10-8.05 (m, 11H, PC6H5), 7.18-7.12 (m, 13H, PC6H5), 
7.11-7.06 (m, 6H, PC6H5), 3.21 (s, 6H, NCH3), 2.00 (t, 
3JHH = 5.8 Hz, 4H, 
NCH2CH2CH2N), 0.96 (quin, 
3JHH = 5.8 Hz, 2H, NCH2CH2CH2N), -9.16 (td, 
2JHP = 23.0 Hz, 
1JHRh = 11.0 Hz,1H, RhH). 
31P{1H} NMR: δ 47.5 (d, 1JPRh = 
180 Hz). 13C{1H} NMR (C6D6): 223.9 (m, Rh-CNHC), 141.9 (‘vt’,J = 4 Hz, 
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PC6H5), 134.6 (‘vt’, J = 7 Hz, PC6H6), 128.1 (s, PC6H5), 127.6 (‘vt’, J = 4 Hz, 
PC6H5), 45.8 (s, N-CH3), 43.4 (s, NCH2), 20.0 (NCH2CH2).  
4.22.6 Synthesis of Rh(6-Et)(PPh3)2H (4.37).  As for 4.36 but with [6-
EtH]PF6 (199 mg, 0.70 mmol) and KN(SiMe3)2 (139 mg, 0.70 mmol) in 
benzene (2 mL) and Rh(PPh3)4H (200 mg, 0.17 mmol) in benzene (5 mL) to 
give a 1:9 mixture of cis- and trans-isomers of 4.37a/b. Yield 85 mg (64%). 
Analysis for C44H47N2P2Rh (768.71) %; C, 68.75; H, 6.12; N, 3.64. Found, %: 
C, 68.85; H, 6.06; N. 3.68. Selected 1H NMR (500 MHz, C6D6) for 4.37b: δ 
4.07 (quart, 3JHH = 7.2 Hz, 4H, NCH2CH3), 2.25 (t, 
3JHH = 6.0 Hz, 4H, 
NCH2CH2CH2N), 1.19 (quint, 
3JHH = 6.0 Hz, 2H, NCH2CH2CH2N), 0.48 (t, 
3JHH 
= 7.2 Hz, 6H, NCH2CH3), -9.83 (td, 
2JHP = 24.5 Hz, 
1JHRh = 10.5 Hz, RhH). 
31P{1H} NMR: δ 45.8 (d, 1JPRh = 180 Hz). 
13C{1H} NMR: δ 222.9 (m, Rh-CNHC), 
142.1 (‘vt’, J = 17 Hz, PC6H6), 134.6 (‘vt’, J = 6 Hz, PC6H5), 128.5 (s, PC6H5), 
127.6 (s, PC6H5), 53.1 (s, N-CH2), 41.2 (s, NCH2), 21.5 (s, NCH2CH2), 12.7 
(s, NCH2CH3). Selected 
1H NMR (500 MHz, C6D6) for cis- 4.37a: δ 5.49 (m, 
2H, NCH2CH3), 3.19 (m, 2H, NCH2CH3), 2.52 (m, 2H,NCH2CH2CH2N), 2.13 
(m, 2H, NCH2CH2CH2N), 1.25, (2H, NCH2CH2CH2N), 1.13 (t, 
3JHH = 7.2 Hz, 
3H, NCH2CH3, 0.88 (t, 
3JHH = 7.2 Hz, 3H, NCH2CH3), -5.39 (ddd, 
2JHP = 106.9 
Hz, 2JHP or 
1JHRh = 30.5 Hz, 
2JHP or 
1JHRh = 25.9 Hz, RhH). 
31P{1H} NMR: δ 
51.1 (dd, 1JPRh = 144, 
2JPP = 25 Hz), 44.1 (dd, 
1JPRh = 142, 
1JPP = 25 Hz).  
4.22.7 Synthesis of Rh(PPh3)2(CO)2Rh(PPh3)(6-Et) (4.38). An NMR 
tube was charged with [6-EtH]PF6 (28 mg, 0.098 mmol) and KN(SiMe3)2 (19.6 
mg, 0.098 mmol) in toluene (0.5 mL) and the suspension stirred at room 
temperature for 1 h. The solvent was transferred to another NMR tube 
containing Rh(PPh3)3(CO)H (30 mg, 0.033 mmol) in toluene (0.5 mL). The 
mixture was then stirred at 298 K for 24 h. The solvent was then concentrated 
down and layered with hexane to afford dark red crystals of the dinuclear 
compound [(PPh3)2Rh(μ-CO)2Rh(6-Et)(PPh3)] 4.38. Yield 5 mg (12%). 
31P 
{1H} NMR (400 MHz, tol-d8): δ 38.2 (dd, JPRh= 233.5 Hz, 
2JPRh = 8.5 Hz), 43.0 
(d, JPRh= 183.0 Hz). IR (CH2Cl2, cm





4.22.8 Synthesis of Rh(6-Me)(PPh3)2(FHF) (4.42).  Et3N3HF (14.5 
μL, 0.09 mmol) was added to a benzene solution (3 mL) of Rh(6-Me)(PPh3)2H 
(78 mg, 0.10 mmol) in an ampoule fitted with a J. Youngs resealable valve. 
After stirring at 289 K for 2 h, the solution was reduced to dryness, 
redissolved in a minimum amount of THF and layered with hexane to afford 
4.42 as an orange-yellow solid. Yield: 41 mg (50%). Analysis for 
C42H43N2F2P2Rh (778.62),%: C, 64.78; H, 5.57; N, 3.60. Found, %: C, 64.64; 
H, 5.72; N, 3.74. 1H NMR (500 MHz, C6D6): δ 13.2 (br d, J  387 Hz, 1H, Rh-
FHF), 3.55 (s, 6H, NCH3), 1.59 (t, 
3JHH = 5.7 Hz, 4H, NCH2CH2CH2N), 0.33 
(quin, 3JHH = 5.7 Hz, 2H, NCH2CH2CH2N). 
1H NMR (500 MHz, THF-d8): δ 
11.7 (br, 1H, RhFHF), 7.89 (m, 13H, PC6H5), 7.30 (m, 17H, PC6H5), 3.69 (s, 
6H, NCH3), 2.08 (t, 
3JHH = 6.0 Hz, 4H, NCH2CH2CH2N), 0.78 (br quin, 
3JHH = 
6.0 Hz, 2H, NCH2CH2CH2N). Additional selected 
1H NMR (500 MHz, THF-d8): 
190 K: δ 12.6 (dd, 1JHF(distal)  379 Hz, 
1JHF(proximal)  42 Hz, 1H, RhFHF). 
31P{1H} NMR (C6D6): δ 26.1 (d, 
1JPRh = 173 Hz). 
19F NMR (THF-d8, 300 K): δ-
181.3 (br s, RhFHF), -316.4 (br s, RhFHF); 190 K: δ-176.9 (dd, 1JFH = 381 Hz, 
2JFF = 127 Hz, RhFHF), -312.0 (br d, 
2JFF = 125 Hz, RhFHF). 
13C{1H} NMR 
(THF-d8): δ 209.1 (m, RhCNHC), 137.8 (‘vt’, J = 18 Hz, PC6H5), 135.6 (‘vt’, J = 
6 Hz, PC6H5), 129.8 (s, PC6H5), 128.6 (s, PC6H5), 47.1 (s, NCH3), 45.0 (s, 
NCH2), 20.5 (s, NCH2CH2). IR (cm
-1): 2506.2 (ʋHF), 1895.5 (ʋHF).  
4.22.9 Synthesis of Rh(6-Et)(PPh3)2(FHF) (4.43).  As above but with 
4.37a/b, Et3N.3HF (21 μL, 0.13 mmol) was added by syringe to a solution of 
Rh(6-Et)(PPh3)2H (100 mg, 0.13 mmol) in toluene (3 mL) in an ampoule fitted 
with a J. Youngs resealable valve. After stirring at 298 K for 2 h, the solution 
was reduced to dryness, redissolved in a minimum amount of benzene and 
precipitated under vigorous stirring with addition of hexane. The yellow solid 
was filtered and dried. Yield: 45 mg (43%). Repeated attempts to obtain 
elemental analysis gave consistently low % C values. Selected 1H NMR (500 
MHz, THF-d8) for 4.43b: δ 
1H NMR (500 MHz, THF-d8): δ 11.8 (br s, 1H, 
RhFHF), 4.64 (quart, 3JHH = 7.2 Hz, 4H, NCH2CH3), 2.41 (t, 
3JHH = 6.1 Hz, 4H, 
NCH2CH2CH2N), 1.24 (quin, 
3JHH = 6.1 Hz, 2H, NCH2CH2CH2N), 0.48 (t, 
3JHH 
= 7.2 Hz, 6H, NCH2CH3). 
31P{1H} NMR (C6D6): δ 27.7 (dd, 
1JPRh = 173 Hz, 
2JPF = 17 Hz). Selected 
1H NMR (500 MHz, THF-d8) for 4.43a: δ 11.8 (br s, 
157 
 
1H, RhFHF), 6.14 (m, 2H, NCH2CH3), 3.45 (m, 2H, NCH2CH3), 3.01 (m, 2H, 
NCH2CH2CH2N), 2.37 (m, 2H, NCH2CH2CH2N), 1.34 (t, 
3JHH = 7.1 Hz, 6H, 
NCH2CH3), 1.29 (m, 2H, NCH2CH2CH2N). 
31P{1H} NMR: δ 60.6 (ddd, 1JPRh = 
219 Hz, 2JPF = 181 Hz, 
2JPP = 38 Hz), 36.4 (ddd, 
1JPRh = 123 Hz, 
2JPP = 38 Hz, 
2JPF = 22 Hz). Additional selected 
1H NMR (400 MHz, THF-d8) of 1:1 mixture 
of trans- and cis-P,P Rh(6-Et)(PPh3)2(FHF): 218 K: δ 12.27 (br m, 1H, 
RhFHF). 19F NMR (THF-d8, 218 K): δ -177.3 (br d, J = 372 Hz, RhFHF), -
179.4 (br d, J = 380 Hz, RhFHF), -273.3 (br m, RhFHF), -310.6 (br m, 
RhFHF). IR (cm-1): 2421.7 (ʋHF), 2333.8 (ʋHF), 1883.0 (ʋHF).  
4.22.10 Synthesis of Rh(6-Me)(PPh3)2F (4.48). A benzene solution (5 
mL) of Rh(6-Me)(PPh3)2H (50 mg, 0.07 mmol) in an ampoule fitted with a J. 
Youngs resealable valve was freeze-pump-thaw degassed and 1 atm 
CF3CF=CF2 added. The solution was stirred at 298 K for 15 min, during which 
the colour changed from deep orange to pale yellow. The solution was 
reduced to dryness, extracted with a minimum amount of benzene and 
precipitated as a yellow solid upon addition of hexane under vigorous stirring.  
Yield: 13 mg (25%). Selected 1H NMR (500 MHz, C6D6): δ 8.33-8.25 (m, 13H, 
PC6H5), 7.14-7.11 (m, 9H, PC6H5), 7.07-7.02 (m, 8H, PC6H5), 3.62 (s, 6H, 
NCH3), 1.63 (t, 
3JHH = 6.2 Hz, 4H, NCH2CH2CH2N), 0.31 (quin, 
3JHH = 6.2 Hz, 
2H, NCH2CH2CH2N). 
31P{1H} NMR: δ 23.9 (dd, 2JPRh = 174 Hz, 
2JPF = 15 Hz). 
19F NMR: δ -332.7 (br d, 1JFRh = 61 Hz, RhF). 
13C{1H} NMR: δ 210.8 (m, 
RhCNHC), 138.2 (‘vt’, J = 17 Hz, PC6H5), 135.0 (‘vt’, J = 6 Hz, PC6H5), 128.8 
(s, PC6H5), 46.7 (s, NCH3), 43.8 (s, NCH2), 19.8 (s, NCH2CH2).* Missing aryl 
C presumed to be obscured by solvent. MS (EI): m/z 758.1 [M]+, 738.1 [M-
HF]+. HR-MS (EI): [M]+ calcd. m/z 758.2067; found 758.1848. 
4.22.11 Synthesis of Rh(6-Et)(PPh3)2F (4.49). As above but with 
4.37a/b (50 mg, 0.065 mol). Yield: 20 mg (39%). Selected 1H NMR (500 MHz, 
C6D6) for 4.49b: δ 4.69 (q, 
3JHH = 7.2 Hz, 4H, NCH2CH3), 1.99 (t, JHH = 6.0, 
4H, NCH2CH2CH2N), 0.76 (quin, 
3JHH = 6.0 Hz, 2H, NCH2CH2CH2N), 0.49 (t, 
3JHH = 7.2 Hz, 6H, NCH2CH3). 
31P{1H} NMR: δ 26.9 (dd, 1JPRh = 174 Hz, 
2JPP = 
19 Hz). 19F NMR: δ -331.2 (br d, 1JFRh = 65 Hz, RhF). Selected 
1H NMR (500 
MHz, C6D6, 298 K) for 4.49a: δ 6.51 (m, 2H, NCH2CH3), 3.16 (m, 2H, 
NCH2CH3), 2.53 (m, 2H, NCH2CH2CH2N), 1.93 (m, 2H, NCH2CH2CH2N), 1.55 




δ 60.3 (ddd, 1JPRh = 219 Hz, 
2JPF = 184 Hz, 
2JPP = 39 Hz), 36.6 (ddd, 
1JPRh = 
122 Hz, 2JPP = 36 Hz, 
2JPF = 27 Hz). 
19F NMR: δ -285.8 (ddd, 2JFP = 182 Hz, 
1JFRh = 65 Hz, 
2JFP = 26 Hz, RhF). MS (EI): m/z 768.2 [M]
+, 766.2 [M-HF]+. 
HR-MS (EI): [M]+ calcd. m/z 786.2402; found 786.2174. 
4.22.12 Synthesis of Rh(6-iPr)(PPh3)2Cl (4.50). An ampoule was 
charged with 6-iPrHPF6 (51.0 mg, 0.16 mmol) and KN(SiMe3)2 (32 mg, 0.16 
mmol) in THF (5 mL) and the suspension stirred at 298 K for 1 hr. The 
mixture was added to a J. Youngs ampoule containing Rh(PPh3)3Cl (50 mg, 
0.05 mmol) in THF (5 mL) and the mixture stirred at 298 K for 2h. The 
resulting deep brown solution was filtered by cannula, concentrated to ca. 2 
mL and hexane added to afford a yellow solid. The solid was isolated by 
cannula filtration and dried under vacuum to give 4.50. Yield 20 mg (45%). 
Analysis for C46H50ClN2P2Rh (830.22),%: C, 66.47; H, 6.06; N, 3.37. Found, 
%: C, 66.29; H, 5.84; N, 3.42. 1H NMR (500 MHz, C6D6, 298 K): δ 7.35 (sept, 
2H, (CH3)CH), 2.63 (m, 2H, NCH2CH2CH2N), 2.20 (m, 2H, NCH2CH2CH2N), 
1.73 (d, 3JHH = 6.4Hz, 6H, (CH3)2CH), 1.33 (m, 1H, CH2CH2CH2), 1.21 (m, 1H, 
CH2CH2CH2), 0.63 (d, 
3JHH = 6.4Hz, 6H, (CH3)2CH). 
31P{1H} NMR: δ 51.6 (dd, 
1JPRh = 212 Hz, 
2JPP = 37 Hz), 39.9 (dd, 
1JClRh = 121 Hz, 
2JPP = 36 Hz)   
4.22.13 Synthesis of Rh(6-Et)(PPh3)2Cl (4.51). An ampoule was 
charged with 6-EtHPF6 (18.5 mg, 0.06 mmol) and KN(SiMe3)2 (13 mg, 0.06 
mmol) in THF (5 mL) and the suspension stirred at 298 K for 1 hr. The 
mixture was added to a J. Youngs ampoule containing Rh(PPh3)3Cl (50 mg, 
0.05 mmol) in THF (5 mL) and the mixture stirred at 298 K for 2h. After 
cooling to room temperature, the resulting deep orange-red solution was 
filtered by cannula, concentrated to ca. 2 mL and hexane added to afford an 
orange precipitate. The solid was isolated by cannula filtration and dried 
under vacuum to give a 4.51 as a mixture of isomers. Yield 25 mg (57%). 
Selected 1H NMR (500 MHz, C6D6) for trans-Rh(6-Et)(PPh3)2Cl: δ 4.70 (q, 
3JHH = 7.16 Hz, 4H, NCH2CH3), 1.98 (t, 
3JHH = 6.03 Hz, 4H, NCH2CH2CH2N), 
0.71 (m, 3JHH = 6.03 Hz, 2H, NCH2CH2CH2N), 0.50 (t, 
3JHH = 7.16 Hz, 6H, 
NCH2CH3). 
31P{1H} NMR: δ 30.8 (d, 1JPRh = 164.3 Hz). Selected 
1H NMR (500 
MHz, C6D6) for cis-Rh(6-Et)(PPh3)2Cl: δ 6.34 (m, 2H, NCH2CH3), 3.22 (m, 2H, 
NCH2CH3), 2.52 (m, 2H, NCH2CH2CH2N), 1.89 (m, 2H, NCH2CH2CH2N), 
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1.02, (1H, NCH2CH2CH2N), 0.70, (1H, NCH2CH2CH2N), 1.52 (t, 
3JHH = 7.10 
Hz, 6H, NCH2CH3). 
31P{1H} NMR: δ 52.2 (dd, 1JPRh = 212 Hz, 
2JPP = 37 Hz), 
39.1 (dd, 1JClRh = 117 Hz, 
2JPP = 36 Hz) 
4.22.14 Synthesis of Rh(6-iPr)(PPh3)(CO)F (4.54). CO (1 atm) was 
admitted to a J. Youngs NMR tube containing a C6D6 solution (0.5 mL) of 
Rh(6-iPr)(PPh3)2F (10 mg, 0.01 mmol) and the solution interrogated by 
multinuclear NMR spectroscopy. Selected 1H NMR (400 MHz, C6D6): δ 6.82 
(sept, 3JHH = 6.7 Hz, 2H, NCH(CH3)2), 2.52 (m, 2H, NCH2CH2CH2N, 2.38 (m, 
NCH2CH2CH2N), 1.30 (d, 
3JHH = 6.7 Hz, 6H, NCH(CH3)2), 1.17 (br m, 2H, 
NCH2CH2CH2N), 1.04 (d, 
3JHH = 6.8 Hz, 6H, NCH(CH3)2). 
31P{1H} NMR: δ 
30.3 (dd, 1JPRh = 122 Hz, 
2JPF = 23 Hz; additional 
2JPC splitting (16 Hz) in 
13CO 
labelled sample). 19F NMR: δ -282.4 (dd, 1JFRh = 52 Hz, 
2JFP = 23 Hz; 
additional 2JFC splitting (76 Hz) in 
13CO labelled sample, RhF). Selected 
13C{1H} NMR of 13CO-labelled sample (C6D6): δ 191.9 (ddd, 
2JCF = 76 Hz, 
2JCRh= 72 Hz, 
2JCP = 16 Hz, RhCO). 
4.22.15 Synthesis of Rh(6-iPr)(PPh3)2(CF3) (4.58). To a benzene (5 
mL) solution of Rh(6-iPr)(PPh3)2F (70 mg, 0.09 mmol) was added Me3SiCF3 
(55 μL, 0.37 mmol). The reaction mixture was stirred for 10 min at 298 K 
before the solvent was removed and the residue redissolved in THF/Et2O to 
afford orange-yellow crystals of the product. Yield: 25 mg (34%). Analysis for 
C47H50N2F3P2Rh (864.73),%: C, 65.28; H, 5.83; N, 3.24. Found, %: C, 65.00; 
H, 5.72; N, 3.36. 1H NMR (500 MHz, C6D6): δ 7.94-7.66 (m, 10H, PC6H5), 
7.23 (sept, 3JHH = 6.6 Hz, 2H, NCH(CH3)2), 7.05-6.72 (m, 20H, PC6H5), 2.67 
(m, 2H, NCH2CH2CH2N), 2.28 (m, NCH2CH2CH2N), 1.54 (d, 
3JHH = 6.6 Hz, 
6H, NCH(CH3)2), 1.33 (m, 2H,NCH2CH2CH2N), 0.65 (d, 
3JHH = 6.6 Hz, 6H, 
NCH(CH3)2). 
31P{1H} NMR: δ 43.0 (ddq, 1JPRh = 136 Hz, 
2JPP = 32 Hz, 
3JPF = 
13 Hz), 41.7 (dqd, 1JPRh = 126 Hz, 
3JPF = 40 Hz, 
2JPP = 32 Hz). 
19F NMR: δ -
7.2 (ddd, 3JFP = 40 Hz, 
2JFRh = 23 Hz, 
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Appendix 1: X-ray crystal structure of Rh(6-iPr)(PPh3)2Cl (4.50) 
 















































Cis phosphine isomer:  δ 51.6 (dd, 1JPRh = 212 Hz, 
2JPP = 37 Hz),  
δ 39.9 (dd, 1JClRh = 121 Hz, 
2JPP = 36 Hz)   
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31P {1H} NMR spectrum of 4.51 in C6D6 at 298 K 
 
Cis phosphine isomer:  δ 52.2 (dd, 1JPRh = 212 Hz, 
2JPP = 37 Hz),  
δ 39.1 (dd, 1JClRh = 117 Hz, 
2JPP = 36 Hz) 
Trans phosphine isomer: δ 30.8 (d, 1JPRh = 164.3 Hz) 
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